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Recent  developments in   the   theory   o f  manual control  displays now  make 
it f e a s i b l e   t o   s t a t e   p r i n c i p l e s   f o r  a pr ior i   analyt ical   design of a f l i g h t  
director,  given  the  available  sensed  feedbacks and the  dynamics  of t he  
vehicle and i t s  manual control system. The p r inc ipa l   r e su l t  from the  
theory i s   tha t   there   a re   e f fec t ive   cont ro l led  element dynamics which are  
preferred from the  standpoint  of  pilot  response and system  performance. 
Other considerations  include  response  compatibility,  display  consistency, 
and autopilot  monitoring.  This  leads t o   r u l e s  and analytical  proce- 
dures which allow  the  feedbacks t o  be selected,  weighted, and equalized 
t o  provide an effect ive  f l ight   di rector-plus-vehicle   control led element 
which i s  best   for   both  pi lot   control  and overal l  performance.  This  report 
d e t a i l s  and i l lus t ra tes   th i s   p rocess   for   longi tudina l   cont ro l  of transport-  
type  aircraft  during  landing  approach. 

The flight  director  design  requirements  are  determined  in  part by the 
guidance,  control, and regulation demands of the  pilot-vehicle  closed-loop 
system i n  a given  task.  In  addition,  there  are manual control  require- 
ments  which help  prescribe  the  equalization and relative  weightings  of 
the  selected  feedbacks whose sum gives   the   f l igh t   d i rec tor  command signal.  
In  the  process  of  satisfying  the  derived  requirements,  the  analytical 
approach  serves  to: 

0 I so la te   the   e f fec t  of  each  feedback and show  how 
it relates   to   the  requirements .  

0 Determine the  sensing and equalization on the 
feedbacks. 

0 I d e n t i e   t h e   p r a c t i c a l  compromises tha t  must  be 
made, as   wel l   as   their   effects .  

0 Suggest  aerodynamic and other  modifications  to  the 
vehicle which could improve the  pi lot-control led 
system. 

A manual control  loop  structure of a l t i tude  with  e levator ,  and speed 
wi th   t h ro t t l e   i s   u sed   t o   i l l u s t r a t e   t he   ana lyses .  Conventional a i r c r a f t  
dynamics are assumed i n  which short-period-to-phugoid  frequency  ratio, 
s t a t i c   s t a b i l i t y ,  and the low  frequency  zero i n   t h e   a l t i t u d e  numerator are 
of  key  importance. The influence  of  direct l i f t  control  (DLC)  and auto- 
t h r o t t l e s   i s   a l s o  considered. 

i v  
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SECTION I 

INlIRODUCTIoN 

A .  OBJECTIVE 

The purpose of th i s   repor t  i s  t o  apply  the  existing  “theory  of manual 

control  displays”  to  develop  design  principles  for advanced f l i gh t   d i r ec to r  

systems and t o   i l l u s t r a t e   t h e s e   p r i n c i p l e s   i n  an example with a modern 

c m e r c i a l   t r a n s p o r t .  

The evolved  design  principles  are  applicable  in  general  to  the  following 

control  tasks:  

0 Landing  approach 

Q Altitude  hold 

@ Attitude  hold 

The emphasis i n   t he   ana ly t i ca l  development  and numerical example i s  on 

landing  approach, from beam acquisit ion t o  f la re   in i t ia t ion .   This  con- 

centration on the ILS-guided landing  task  permits  coverage  of one of the 

most  complex conditions  for which f l ight   di rectors   are   useful .  

The f l a r e  maneuver i s  not  included  per  se; however, a direct  exten- 

sion of the  landing  approach  laws  can be used t o  accomplish the   f l a r e .  

Similarly,  with some minor modifications an a t t i t u d e  hold  configuration 

could  provide for takeoff  rotation OT i n i t i a t i o n  of go-around. 

B. BACKGRaTND 

A f l i gh t   d i r ec to r  system combines display and computation  elements 

wi th   the   p i lo t  and effect ive (augmented)  vehicle i n  a feedback  control 

system.  This  combination i s  shown in   F ig .  1 for   the  approach mode of 

operation. The f l ight   di rector   display  presents   both command and s ta tus  

information. The  command elements  provide l a t e r a l  and ver t ica l   s teer ing  

signals made  up of a combination of desired  path and a i r c r a f t  motion 

quant i t ies .  These a re  shaped, f i l t e r e d  and mixed appropriately  to  permit 

t he   p i lo t   t o   c lo se   t he   f l i gh t   d i r ec to r  system loqp with  ease and efficiency. 

1 
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Figure 1 .  Flight  Director System  Elements for Laxding  Approach 

The status information on the   d i sp lay   ind ica tes   the   a i rc raf t  state relative 

to  the  external  world.  This  includes an a r t i f i c i a l   ho r i zon   fo r  all purpose 

use, and other   pictor ia l   information  per t inent   to  a pa r t i cu la r  phase  of 

f l i g h t .  For example, in   the  landing approach  phase loca l i ze r  and gl ide 

path  signals  are  presented, and the  more  modern instruments a lso indicate 

a l t i t u d e  and airspeed  error. 

The nub of  the dynamic design problem fo r   f l i gh t   d i r ec to r  systems i s  

the  selection of the  appropriate m i x  of   s ignals   to  make up the  s teer ing 

cammands. Historically,   this  mixture  has been  determined i n  two general 

ways : 

0 By adapting and displaying  the  output of  an automatic 
f l igh t   cont ro l  system 

0 By mechanizing the   f l i gh t   d i r ec to r  computer based on 
guidance and control  requirements, and adjusting  the 
various  feedback  gains  during  simulation and f l i g h t  
tes t   for   acceptab le   p i lo t   op in ion  and overal l  system 
performance. 

Both approaches satism the  overal l  system  requirements f o r   s t a b i l i t y ,  

path  following, and regulation  against  disturbances. The f i r s t  a lso  offers  

the  advantage of a nearly one t o  one correspondence  with  the  autcanatic 

f l igh t   cont ro l  system  and  can serve as a monitoring  device  for  automatic 

operation. The second  emphasizes t h e   p i l o t  as an act ive system  element 

rather  than as a monitor and  backup. Neither of the  approaches  pay 

expl ic i t   a t ten t ion   to   the   spec i f ics  of the human pilot-centered  charac- 

t e r i s t i c s   u n t i l   t h e  system i s  tes ted or simulated  with  actual  pilots. 

2 
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This i s  undesirable,  both econcnnically and philosophically.   Sett ing up 

a f l igh t   d i rec tor  system  using  ad hoc, ground-based and f l i gh t  experimen- 

tation  exclusively i s  much more costly  than if  the  experimental program 

and data   interpretat ion  are  guided  by an adequate  theory. Also, when 

f l ight   di rector   control  i s  contrasted  with  other manual control modes, 

such as pi lot   operat ion on r a w  data from the full panel,  the  advantages 

of the  f l ight  director  are  primarily  pilot-centered. Consequently, these 

advantages  should  be  considered i n  terms of the  re levant   pi lot   propert ies  

f r o m  the very outset  of design  instead of as a f inal   tuning up procedure 

which makes do with what i s  available.  Among the advantages  possessed 

'by a f l igh t   d i rec tor  system which takes   into account  these  pilot  properties 

a re  : 

0 Reduction of p i l o t  remnant (unwanted control  action) 
by reducing  scanning and the need for   pi lot   equal izat ion 

0 Reduction of pi lot   equal izat ion 

0 Provision  for  a wide range of p i lo t   ga in   t o  permit good 
character is t ics  with either  loose or t ight   control .  

A l l  lead  to   superior   control .  

The theory of manual control  displays  permits  the  pilot-centered 

requirements t o  be  considered  at  the  design  stage  along  with  the  usual 

guidance and control  aspects. This theory  derives from a large body of 

analyt ical  and experimental  research on 

0 Compensatory and pursuit   control  tasks 

0 Multiloop p i l o t  response  properties 

0 Pi lo t  scanning and control  behavior 

It i s  s t i l l  evolving and no single  source summarizes a l l  of i t s  current 

aspects. An overview is  provided  by  Refs. 1-5. The f i rs t  reference 

summarizes the  overall   theory and methods of analysis.  Reference 2 i s  

primarily an example conh-acted from Ref. 1 .  References 3 and 4 present 

recent  experimental  research  involving  pilot  control  with  instrument 

scanning. The la t ter   includes some scanning  data  for  f l ight  director 

tasks .  Reference 5 i s  the   l a tes t   de ta i led  account of the  theory, and 

3 



it includes an illustrative example of p i lo t   p lus   f l igh t   d i rec tor   cont ro l  

synthesis for a turbine  helicopter.  

The theory of manual control  displays  consists of the  techniques,  data, 

and  models  needed t o  analyze  and  design  vehicle  control  systems whose 

elements  are 

0 Man, as the  controller 

0 Manipulator and f e e l  systems 

0 Basic  vehicle dynamics 

0 S t a b i l i t y  augmentation  systems 

0 Control and motion  feedbacks; their   sensing and 
shaping 

0 Pilot   d isplays.  

The theory i s  now developed s u f f i c i e n t l y   t o  be appl ied  to   several   c lasses  

of  problems,  including  the  design of f l i gh t   d i r ec to r  systems.  Specifically, 

given  the  effective  controlled  element  consisting  of  the augmented vehicle, 

application of the  theory  permits  the  user  to  estimate: 

0 Vehicle  motion  quantities  necessary as display 
inputs   to   the   p i lo t  

0 Equalization and weighting  of  these  display  signals 

0 Predicted  pilot  dynamics-describing  function 
plus remnant 

0 Expected p i l o t  commentary and rat ing 

0 Measures of excess  pilot  workload capacity  (e  .g. , 
as  performance on a secondary  task) 

System performance. 

Other r e s u l t s  of the  theory which are  important for the f'uU panel  but 

which a re   no t   cen t ra l   to  an integrated  f l ight  director  display  include 

predictions  of 

0 Instrumentation  fixation  probabilities and l inks 

0 Instrument  dwell  times 

0 Sensory  workload. 

4 
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C. SCOPE aF MIS REPORT 

* 

i 

This  report  starts  with  the  results  and  implications  of  the  manual 
control  theory  of  displays  as a fundamental  background. It proceeds 
directly  to a definition  of  flight  director  system  requirements,  and 
from  these  requirements forms the  basis  for  the  analytical  design  pro- 
cedure  in  this  particular  application  of  the  display  theory.  The  emphasis 
is  on  the  feedback  control  system  aspects  of  the  flight  director/vehicle 
system  as a whole. In terms  of  system  hardware,  this  impacts  primarily 
on  the  flight  director  computer  because  this  is  where  the  intermix  of 
signals  occurs.  The  selection  and  design  of  the  flight  director  display 
instrument  format  and  its  optimization fram a human  factors  standpoint 
(e.g. , symbol  .shape,  illumination,  etc. ) are  separate  topics.  Other 
assumptions  which  define  the  scope  herein  include  the  following: 

0 Longitudinal  axis of control  is  emphasized 
Path  cammand  is an IIS glide  slope 

0 Properties of  the  vehicle  and  its  augmenters 

@ Needed  feedbacks*  can  be  sensed  and/or  synthesized 
using  complementary  filtering or other  techniques. 

are known 

Although  longitudinal  control  is  emphasized,  the  requirements  in  Section I1 
have  general  applicability.  The  analytical  techniques of Section I11 also 

apply by direct  analogy to  lateral  path  following. To make  the analogy 

work  one  must  translate  into  the  terms  of  the  lateral-directional  equations 
of  motion,  and  recognize  some  minor  inner-loop  differences;  but  the  impor- 
tant  point  is  that  the  resultant  vehicle-plus-flight  director  controlled 
element  as  seen by  the  pilot  must  have  dynamic  properties  similar to the 
longitudinal, 

The  primary  concern of this  report  is  with  the  selection  of  feedbacks 
and  their  weighting  and  equalization in the  flight  director  computer. It 
involves  the  application  of  four  general  considerations or criteria,  i.e., 

*Acquisition  of  all  the  feedbacks  considered in the  report  is  within 
the  current  state  of  the  art. 

i 
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The system should  possess  adequate  guidance  and 
control  properties  (regulation, beam following, 
e tc .  ) 

The dynamic response  of  the  effective  vehicle-plus- 
director  controlled  element (as seen  by t h e   p i l o t )  
should  minimize the  equalization and gain  adjust- 
ment  demands imposed  on the   p i lo t .  

The comnd  signal  should  induce  acceptable  vehicle 
response when the  pi lot   c loses   the loop. 

The displayed  signals  should  be  internally  consistent 
and correspond with t h e   r e a l  world, i. e.,  they should 
have a high  degree of face  val idi ty .  

These requirements  are  developed and elaborated  in  Section 11. 

Section 111 develops analytical   design  techniques for an  advanced 

longi tudina l   f l igh t   d i rec tor  as a f inc t ion  of the  vehicle  properties and 

the  requirements  for  longitudinal  control  in  landing approach. It a l so  

considers t h e  mechanizational  aspects  (e.g.,  antenna  location)  that 

influence  the  idealized  case, as well as the  use of additional  control 

means (e .g . ,   d i rect  l i f t  cont ro l ,   au to thro t t les )   to   increase   the   f l igh t  

director   potent ia l .  

The sumnary and conclusions  comprise  Section IV. Appendix A l i s t s  

the  vehicle  equations and numerical  values f o r  the   i l lus t ra t ive   des ign  

example i n  Appendix C .  Appendix B contains a derivation of the  steady- 

s t a t e  guidance and control  properties.  Appendix D presents examples of 

current  director  instrument  face  designs. 
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SECTICN I1 

FUNCTIONAL REQ- 

y 
1 

x 
1_. 

The primary  mission in   landing approach i s  t o  arrive a t  the  Category I1 
window with  the  s ta te   var iables  of t h e   a i r c r a f t  and controller  within 

acceptable limits. This i s  generally  accanrplished by acquiring  the ILS 

beam ea r ly   i n   t he  approach and following it t o   t h e  window, all the  while 

maintaining  the  aircraft  near  the  average beam center   in   sp i te  of external 

disturbances and beam noise. Landing i s  normally  accomplished  manually  using 

visual  cues.  Landing  can also be  performed  autamatically, or manually 

on instruments,  by  continuing d m  the beam (or a smoothed extrapolation) 

t o   t he   f l a r e   i n i t i a t ion   po in t  and thence,  following  the  flare  computer's 

output , t o  touchdown. 

The design  requirements for the  guidance and control system  necessary 

t o  accomplish  the  approach  are  dictated by the  following  needs: 

0 S t a b i l i t y  

0 Following  of  the beam  cormnand 

0 Regulation  against  disturbances 

0 Compatibility  with  the human p i l o t  

The sat isfact ion of these needs i s  the  consideration which leads   to   the  

selection,  sensing,  shaping, and relative  weighting of appropriate  feed- 

backs i n  a way which i s  best  for manual control   us ing  the  f l ight   di rector .  

The requirements  can  be  grouped into  those which are: 

0 Fundamental,  and  independent  of  whether the 
controller i s  an  automatic or human p i lo t ;  and 

0 Human centered, and r e l a t e   t o   t h e   f a c t   t h a t   t h e  
controller i s  a man. 

These are  elaborated below for longitudinal  control.  

The f i r s t   s e t  of requirements  are  independent of the  type of controller,  

manual or automatic.   In  general ,   they  are  to  establish  the  aircraft  on 
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glide  path, and to reduce  any  path  errors t o   z e r o   i n  a stable, w e l l -  
damped and rapid manner. They lead t o  auter loop  feedbacks which are 
those  required t o  acccunplish the  mission.  Additional  inner loop feed- 

backs  are needed t o  permit  the first set of feedbacks to   func t ion .  The 

basic system for longitudinal  control i s  Shawn i n  Fig. 2. 

Beam Receiver 
Noise  Noise  Gusts 

nb nr  I 

FD FD 
GYa,e , ; I  - 4% R! Gge 8 1 1  96. FT-J - S d 

Director Pilot Vehicle 
Geometry Indicator 

Inner Loops 
1 

Ga 

- 
Outer Loop 

Figure 2. Block Diagram for Approach Control  with  Flight  Director 

The flmdamental  path  quantity in   the  block diagram i s  the  beam 

deviation, &, which i s  equal   to   the  difference between t h e   a i r c r a f t ' s  

a l t i t u d e  (a t  the  antenna) and the  instantaneous  centerline of the beam. 

This i s  corrupted from t he   i dea l  by beam bends and noise in   the  a i rborne 

equipment. The actual  physical   signal i s  a glide  path  error  angle, ye, 

converted fran the  deviation by the  (decreasing)  range  to  the  receiver, R 

The path error and the  inner loop feedbacks are combined in   t he   f l i gh t  
director  computer  and displayed t o  t h e   p i l o t  on the  director   indicator .  

!L%e p i l o t  can  conceivably  close  other  loops  using r a w  data from the 

instrument.pane1,  but  these  are  unnecessaxy i f  the  director  i s  properly 

designed. 

The equations of motion for   the  system in   F ig .  2 are  time  varying 

due t o   t h e  range  variation, which i s  l i n e a r  for constant  speed. This 

a 
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time variat ion  requires  campensation to  proride  an  appraximately  constant 

effective  controlled element, so that  precision  path  control  can  be main- 

tained  throughout a director  approach.  This i s  done by  inserting a range- 

varying  gain as one of  the  operations  in G such t h a t  Gye/R = ad  where 

G& i s  a constant-coefficient  operator. 
Ye e' 

Inputs which lead   to   pa th   e r rors  may be  deterministic  or random. 

Deterministic  input examples include: 

Step  (offset)   glide  slope canrmand, i nc lud ing   i n i t i a l  
beam acquisit ion.  

D u a l  angle beam, representing a ramp change from 
one beam angle t o  another. 

Configuration  and trim changes in   the  vehicle   ( f lap 
actuation,  lowering  gear,  etc.). 

Discrete changes in   the   hor izonta l  and v e r t i c a l  
winds, including  increasing or decreasing headwinds 
and tailwinds,   i .e ., shears. 

Random inputs can include  horizontal and ver t ical   gusts ,  and beam bends 

and receiver  noise.  Their  entry  points  to  the system are shown in  Fig.  2 .  

Table I summarizes the  fundamental  guidance and control  requirements 

of the  pilot/director/vehicle  system. The right column l i s t s  the  feed- 

backs to   t he   f l i gh t   d i r ec to r  whi.ch can s a t i s f y  these requirements f o r  the 

system functions which must be performed. Many of these   a re   jus t i f ied   in  

Appendix B. Beam deviation  provides  the  basic  outer loop for  command fo l -  

lowing, and i t s  gain  determines  the bandwidth o r  s t i f fnes s  of the system. 

Damping i s  achieved by feeding back functions of the a t t i t ude  and/or beam 

rate.  Pitch  angle  also has a primary  function  in  maintaining  attitude- 

s t a b i l i t y  and avoiding  overrotations. Windproofing (path  regulation 

against wind inputs) i s  accomplished by adding  various  functions of beam 

deviation.  Integral  of beam deviation  avoids  path  errors  in  the  presence 

of low frequency beam  commands or wind shears,  but i t s  use i n   t h e   f l i g h t  

director  computer i s  not  compatible with some pilot-centered  requirements 

(Section B) . 
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T A B U  I 

SUMMARY OF FEXDBACKS TO SATISFY FUND=& REQUIREMENTS 

t- SYSTEM FUNCTIONS- FUNDAMENTAL 
REQUIRENEWCS 

Path command and s t i f fen ing  

I Path  angle  trimming I 
Curved path  following 

Path damping 

Short-period  attitude  regulation 

Short-period damping 

Low frequency  windproofing 

Mid-frequency  windproofing 

High frequency  windproofing 

~ .~~ ~- ~ " .  ~ _ _  

F L I G H T  DIRECTOR FEEDBACKS 
~~ . .. - ~ ~~. - .  - -~ 

Beam deviation, d 

Beam integration, /d d t  

Beam double  integration,l( /d d t  )di 

Attitude, 8, a;t path  frequencies; 
or beam ra te ,  d; or r a t e  of Climb, 1: 

Attitude,  8, at  short-period 
frequencies 

Att i tude  ra te ,  h 
Beam integration, /d d t  

Beam ra t e ,  d; or r a t e  of  climb, h 

Vertical   acceleration, az 
~~ . -  ~ ~~ ~ 

~~ 

A preliminary  i l lustration  that   these  feedbacks  satisSy  the  require- 

ments  can be given for the  path mode, which becomes  a second-order  system 

when an  equalizing  inner  loop i s  closed  with a large  gain. Assuming  a 

high-gain  pitch  attitude  inner  loop,  the  block diagram  of Fig. 2 reduces 

t o   t h a t  of  Fig. 3 i n  the  frequency  region  of  pilot  control.  If  the range 

var ia t ion i s  removed (or ignored,  as when fixed-gain  conditions  are 

assumed) the  equations  for  Fig. 3 are  constant  coefficient, and they can 

be  Laplace  transformed to   g ive :  

10 
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Figure 3. Path Mode Approximation 
for  Longitudinal Approach Control 

When the  transfer  functions Ge, G i ,  and Gd are  pure  gains, Ke, K i ,  and 

G, the undamped natural  frequency of the  path mode i s  given by: 

The t o t a l  damping  becomes 

The des i red   s t i f fness  and damping are  achieved  by  adjusting  the  feedback 

gains. A more complete  development i s  given i n  Section 111. 

B. PILOT RELATED REQurtiEMENTs 

The presence of a human pi lot   in   the  control   loop  places   addi t ional  

requirements on the  specif icat ion and design of t he   f l i gh t   d i r ec to r .  Two 

aspects  are  important. The f i rs t  i s  the  division of functions between the  
p i l o t  and the   f l i gh t   d i r ec to r  computer. A t  least some of t he  system  func- 

t i ons   a r e   be t t e r   s a t i s f i ed  by  the  pilot   than by computer action. Second, 

the  presence of t he   p i lo t   i n   t he   l oop  adds another  dimension t o  system 

performance  considerations. The feedbacks  must  be  selected,  equalized 
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and  weighted,  not only to obtain  good  overall  system  performance,  but also 
to  be  compatible  with  good  subjective  pilot  ratings. 

The  pilot-centered  requirements  can be grouped  for  convenience  as 
follows : 

0 Equalization to minimize  pilot  effort 
0 Response  compatibility 
0 Face  validity  and  command  bar  consistercy. 

These  are  elaborated  below. 

1. Equalization  for  Minimum  Pilot  Effort 

The  desire  to  minimize  pilot  effort  while  retaining m a x i m u m  system 

performance  imposes  requirements  on  the  dynamic  properties  of  the  effective 
controlled  element  consisting  of  the  vehicle  plus  flight  director  computer. 
As is  very well  known,  the hman pilot  adapts  his  characteristics  to c m -  
pensate  for  the  dynamic  deficiencies  of  the  effective  controlled  element. 
As part of this  adaptation, he  may be forced  to  develop  low-frequency 
lead(s)  and/or to  adjust  his  gain  precisely.  When  low-frequency  lead 
is  required of the  pilot,  a  cost in pilot  dynamic  capacity  is  incurred 
(Refs. 6-8); which  is  reflected  in  increased  effective  time  delay  and 
remnant.  Increases  in  both  these  quantities  cause  a  deterioration  in 
System  performance and pilot  ratings. To some  extent,  the  increased 
time  delay  can  be  reduced by increasing  the  neuromuscular  system  tension. 
This,  too,  has a substantial  cost  in  increased  pilot  effort.  Finally, 
while  it  is  possible  for  the  pilot to maintain  his  gain  and  other  dynamic 
properties  relatively  constant  when  such  precision  adjustment  is  required, 
the  additional  cockpit  workload  which  can  be  handled  is  reduced. 

As a result  of  these  human  pilot  properties,  an  obvious  design 

requirement  is  that %he effective  control  element  be  constructed  to: 

0 Require  no low frequency  lead  equalization 
0 Permit  pilot  loop  closure  over  a  wide  range  of 

gains. 
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This  can  be  achieved when the  effective  controlled element  approximates 

e i ther  a pure  gain, K, or a pure  integration, K/s, over  the  frequency 

range of pilot/director/vehicle  system  crossover. For the  pure  gain  case, 

t h e   p i l o t  must adopt a very low frequency lag  equalization; this corre- 

sponds t o  a slow trim-like  operation and i s  not  objectionable. However, 

the dynamics of  an a i r c r a f t  between elevator and att i tude  are  not a 

gain,  and it i s  not   feasible   to   a t ta in   this   without   addi t ional   automatic  

feedbacks t o  augment the  vehicle dynamics.  With the  basic   vehicle   plus  

f l i gh t   d i r ec to r ,  a pure  gain  controlled  element a t  low frequencies  might 

be obtained,  for example,  by shaping  the ILS signal  with a large  lead (i .e. , 
d i f f e r e n t i a t o r ) .  This would r e s u l t   i n  an undesirable  amplification of 

glide  slope  noise. Another poss ib i l i t y  i s  to   inc lude  a very high  gain 

elevator  feedback to   the   f l igh t   d i rec tor .   In   th i s   case ,   the   l a rge   feed-  

back  gain  requires a reduction  in  display  scale,  thereby making the 

desired  comand  inputs  barely  perceptible t o   t h e   p i l o t .  Higher  gain 

elevator  feedback  also  violates  the  "face  validity''  requirement  discussed 

below. 

An effective  controlled element consisting of  an integrator,  K / s ,  i s  
nearly as good as a pure  gain from the  standpoint  of  pilot  response and 

performance in  single-loap  tasks.  It has  distinct  advantages  over  the 

l a t t e r  as a basis  for  the  design of f l i gh t   d i r ec to r  computers. For t h i s  

s e t  of controlled element dynamics the  pilot   response i s  approximately a 

gain  plus time delay  in  the  frequency  region of control  (near  crossover).  

H i s  time  delay w i l l  be  close t o  minimum, and the  remnant can  be  minimized 

with  the  proper choLce  of controlled  element  gain.  Pilot  lead  generation 

requirements  are small, although  ' the  pilot  can  use a small amount of  high- 

frequency  lead t o  reduce  his  effective  time  delay in the  loop.  This  lead 

can  be  minimized  by  making the  controlled  element less than a K / s  a t  high 

frequencies,  e.g.,  with a small amount of  elevator  feedback. 

In  short ,   the key requirement i s  to   adjust   the   weight ings of the 

various  motion  feedbacks i n   t h e   f l i g h t   d i r e c t o r  computer so tha t   t he  

effective  controlled element  approximates  the K / s  form  over a fairly 



broad fl-equency region. A t  t he  same time, achieving a K / s  effect ive 

controlled element i s  the way t o  satisfy most of the  fhdamental   require- 

ments presented  in  Section A .  

Other  requirements based on minimizing p i lo t   e f for t   inc lude   the  

f ollawing : 

0 Fi l te r   the   p i lo t ' s   ou tput   (par t icu lar ly  if  high 
frequency  feedbacks are used) t o  avoid  undesirable 
disturbance due t o  remnant.  Ordinary manual control 
system dynamics a r e   u s u a l l y   s d f i c i e n t   t o  accomplish 
th i s   ac t ion .  

0 Range compensate the beam e r ro r  so that   the   display/  
controlled  element dynamics are  approximately  time 
invariant.  The p i l o t  can  adjust   to  nonstationary 
s i tuat ions,   but  it involves  adaptation  and,learning 
which increases   task  diff icul ty  and degrades  performance. 

0 Account for   o ther   p i lo t  workload  and for  unattended 
operation  by  providing  effective  controlled  element 
amplitude r a t i o  and phase  characteristics  that  permit 
wide variations  in  pilot   gain  while  retaining  adequate 
gain and phase  margins  throughout the mid-frequency 
region. This implies  that  conditionally  stable  systems, 
and feedback of beam integral   are   undesirable .  

These requirements and t h e i r  feedback  implications niust be fur ther  tem- 

pered  with  the  considerations  for  response  compatibility and command bar 

consistency. 

2. Response Compatibility 

The response  compatibility  requirements  relate  to  the ways i n  which 

the  various  motions of t he   a i r c ra f t   i n t e r r e l a t e  and how they  affect   the 

p i l o t .  With a fl ight  director  present  the  important cues a r e  combined 

in to  a net  "error"  signal which the  pi lot   a t tempts   to   reduce  to   zero by 

manipulating  the  controls. When t h i s   i s  done the  airframe  motions gene- 

rated by the  pilot  should be s imilar   to   those which he experiences under 

other manual control  conditions.  This i s  desirable   both  for   the  pi lot ' s  

internal  self-monitoring  functions and for  the  monitoring  of  pilot   activity 

by the  copilot  using  the full instrument  panel. To achieve  response com- 

pa t ib i l i t y ,   t he  feedbacks  used in   the  nondirector   s i tuat ion  should be 

present   in   the  f l ight   di rector   s ignal-  beam deviation,  pitch,   at t i tude,  

and a l t i t ude   r a t e .  



One way t o  describe  response  compatibility  characteristics  quantitatively 

i s  w5th the  use of modal response  ratios. Imagine, for   instance,   that   the  

a i r c ra f t   has  been  displaced from the beam and tha t   t he   f l i gh t   d i r ec to r  

system i s  operating  to  reduce  this  departure,  then  the  Laplace  transforms 

of the beam response will be  given  by 

d0 dl d2 dN d ( s )  = - +-  +- + a * *  +- 
s s-s ,  s-52 s-sSN 

where the  Si's are   the  roots  of the  closed  loop  characteristic  equation 

of t he   f l i gh t   d i r ec to r  system and the beam forcing  function. Then the 

Laplace  transform  of  other  aircraft  motion  quantities  such as at t i tude,  

8, or normal acceleration, a,, w i l l  be 

The bracketed  quantit ies  in Eq. 5 are  modal response  ratios.  In  general 

they have  both  an  amplitude r a t i o  and a phase. The closed  loop  response 

i n  a well   designed  f l ight  director system will be  dominated  by  only a 

very f e w  ( 3  or less)  basic modes. These w i l l  be  associated  with  the 

system  crossover  region. The values  of si within  that   region  are measures 

of the system  bandwidth. 

To carry  the example further,  consider  that  the  crossover  frequency 

i s  at a location where the  short  period  equations  of motion are approxi- 
mately  valid and t h a t   t h e  modal response r a t io   r e l a t ing   f l i gh t   pa th  and 

a t t i t u d e  i s  pertinent.  Under these  conditions e / y  would be  given  by Eq. 6. 
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Thus if  the  dominant modes, si, are such t h a t  IT s - I << 1 ,  then att i tude 

and  path are related on a near ly   proport ional ,   in  fact one t o  one, basis .  

On the   o ther  hand, i f  the  system  crossover  frequency i s  considerably  higher, 

such t h a t  ITe2sI I >> 1 ,  then  the  a t t i tude w i l l  be much greater   than  the 

f l igh t   pa th  change i n   t h i s  mode .  

82 1 

Now, l e t  us t r ans l a t e  a l l  of t h i s  back t o   t h e  response  compatibility 

in  recovering  the beam center l ine from an  offset .  With adequate damping 

presumed, t h i s  w i l l  be  accomplished most r a p i d l y   i f   t h e  system  bandwidth 

i s  very  large. While the  response  in "d" would then  be  very good, the  

associated  a t t i tude and load  factor  responses may be much greater  than 

t h e   p i l o t  or passengers  desire-an  incompatible  situation.  This can 

be  avoided  by  specifying  allowable or desirable  values of per t inent  modal 

response  ratios.  In  turn,  for a given  a i rcraf t  and control  system  tech- 

nique, these  specifications would limit the  m a x i m u m  system  bandwidth. 

Unfortunately  there  are no hard  data on the  key modal response  ratios 

f o r   f l i g h t   d i r e c t o r  or automatic  landing  systems.  Presumably,  the  value 

of le/yl si fo r   t he  dominant modes should  be  near  unity t o  avoid  over- 

ro ta t ion   in   cor rec t ive  maneuvers. A s  a prac t ica l   mat te r ,   th i s   i s   no t  

as important on f l i gh t   d i r ec to r  systems as  on automatic  approach  systems 

because the  modal response  ratios  of  the dominant mode, and  hence  response 

compatibil i ty,   are  ult imately  set  by the  gain  the  pi lot   uses   in   c losing 

the  loop.  It i s  a central   i ssue  in   pi lot /vehicle  system  performance 

predictions 

Armther related  requirement i s  the  compatibil i ty of the   f l igh t   d i rec-  

tor  with  the  autopilot   during an  automatic  approach.  Ideally such com- 

p a t i b i l i t y  might be  taken t o  mean that   the   s ignals   dr iving  the  autopi lot  

servo  and  the  signals  to  the  flight  director  should  only  differ by a gain.  

Unfortunately,  certain  signals  such as the   i n t eg ra l  of beam deviation  are 

appropriate  for  the  automatic system but   not   for   the  f l ight   di rector .  

These  minor differences need not  be  significant  since  the  primary  goal 

would be t o  make the  autopilot  and fl ight  director  correspond  only  at  

t h e  dominant automatic f l igh t   cont ro l  system modes. But t h i s   i m p l i c i t l y  

requires   that   the  modal response  ratios  exhibited by the   f l i gh t   d i r ec to r  

system  be  compatible  with  those  of  the  automatic  system. 
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3 .  Face V a l i d i t y  and Command Bar Consietency 

Some elements  of a f l ight   di rector   display  are   intended  to   reproduce,  

instrumentally,  portions of the   ex te rna l  world  which are sources of v i sua l  

f l ight  cues.  To the  extent   that   the   resul t ing  abstract ion evokes  responses 

while on IFR tha t  are similar t o  responses under VFR conditions,  the  dis- 
play i s  adequate from a behavioral  standpoint. O f  course  the IFR abstrac- 

t i o n  may be  superior t o  VFR in  principle  by  providing  cues which a re  dif- 

f i c u l t  or impossible   for   the  pi lot   to   obtain from the  visual  scene. On 

f l igh t   d i rec tors ,   these  cues are  used as command signals which the   p i lo t  

i s  t o  follow. The remainder  of the  display  presents  status  information 

which, ideally,  has a one-to-one  correspondence  with the  actual   s i tuat ion.  

I n   t h i s  sense  the  status  information  has a high  degree  of  "face  validity" 

with  the  outside  world. For example, t h e   a r t i f i c i a l  horizon,  except  for 

any reg is t ra t ion  errors, corresponds directly  with  the  actual  horizon. 

Other status  elements  that  tend t o  show a similar one-to-one  correspond- 

ence are   the  gl ide  s lope and local izer   s ignals .   Figure 4 i l l u s t r a t e s  

this   aspect  o f  '?ace va1idity"of  the status elements. It shows a l i n e  

drawing  of t he   s t a tus  elements  of the  typical  f l ight  director  instrument 

(based on the  summary i n  Appendix D)  . The status  information i s  generally 

r e a l i s t i c  and easy t o   i n t e r p r e t .  

The  command signals,  which are  our major  concern i n   t h i s   r e p o r t ,  must 

a l so  have some aspects of face  val idi ty .  But t he  cue here i s   d i f f e r e n t  

from status   information  in   that   the  command s ignal  i s  a mixture of control 

and vehicle  motions so t h e r e   i s  no corresponding  real-world  cue. However, 

some correspondence  does ex i s t  between the  command s ignal  and the  vehicle 

or  control motions i n  each of several  frequency  bands.  In  each band, the  
f l i gh t   d i r ec to r  command  may be  dominated  by a par t icular   a i rplane motion 

or control  quantity.  So, even  though there  i s  no VFR cue  which corre- 

sponds d i r ec t ly   t o   t he   f l i gh t   d i r ec to r  command, nonetheless  the command 

s igna l  must have some degree  of  consistency wi th  the  status  elements on 
the  display and thus   t he   p i lo t ' s   v i sua l  world  view. The types of con- 

s is tency needed a re   bes t   i l l u s t r a t ed  by a se r i e s  of  examples. 

If the   in tegra l   o f  beam deviation i s  made one component of  the command 

signal  in  an  attempt t o  reduce a steady-state beam e r r o r   t o  zero,  and the 
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pilot   operates   intermit tent ly  on this   s ignal ,   then a f l i gh t   d i r ec to r  

command can  develop  during  the  periods  of  unattended  operation i f  t he  

a i r c r a f t  i s  ju s t   s l i gh t ly   o f f   t he  beam. When the   p i lo t   c loses   the  

fl ight  director  loop, this ac ts  as an in i t i a l   cond i t ion  which must be 

countered by reducing  the  output of t he  beam integrator .  If the  air- 

c raf t  were quickly maneuvered t o  reduce the  beam deviat ion  to   zero,   the  

displayed command s ignal  would not  be  zero. Thus the   in tegra l  of beam 

deviation i s  not a sui table  component of t he   f l i gh t   d i r ec to r  command 

signal  because it can r e s u l t   i n  a displayed low frequency  error when the  

a i r c r a f t  i s  ac tua l ly   s tab i l ized  on the  beam. In  t h i s  sense,  the command 

would  be inconsistent  with  the  status  information of t he  IIS indicator.  

This example i s  not  only a question  of  face  validity,  but i s  a lso a s i tua-  

t i o n  where the  guidance  and  control  requirements would not  be met because 

of the  pi lot ' s   in termit tent   behavior .  The in t eg ra l  component i s  also 

undesirable  because it could  drive  the command indica tors   to   sa tura t ion  
when the   f l igh t   d i rec tor  i s  turned on, or during  long  periods  of  unat- 

tended  operation. 

Since  the  integral  o f  beam deviation  cannot be  used for   the   severa l  

reasons  noted above, the  lowest  frequency component of the command s ignal  

should  be beam d e v i a t i o n   i t s e l f .   I f   p i t c h   a t t i t u d e  feedback i s  used as 

a means t o  supply  path damping, and i f  there  i s  no  washout of this   s ignal ,  

then  the  comand  bar can be  zero if the beam deviation and p i t ch   a t t i t ude  

components are  equal and opposite. The indication would be tha t   t he  air- 

c r a f t  was on the beam, whereas the   fac t  would be qui te   d i f fe ren t .   In  

th i s   case ,  it would be inconsistent  for  the  glide  slope and a r t i f i c i a l  

horizon  s ta tus   information  to   indicate   the  a i rcraf t  was not on glide 

path  while, at the same time,  the command bar was zero.  This i s ,  again, 

a s i tua t ion  where face   va l id i ty  and command bar consistency  are  faulty. 

To a l lev ia te   th i s   the   p i tch   angle   s igna l  component should  be  zero a t  low 

frequencies,  yet  provide a s ignal   proport ional   to  8 in  the  short-period 

frequency  region. 

From considerations of equal izat ion  to  minimize pilot   effort ,   response 
compatibilities, and face   va l id i ty  and command bar  consistency, a number 

of   f l igh t   d i rec tor  computer requirements have  been described. These are  

summarized i n  Table 11. 



FLIGHT DIRECTOR COMPUTER  FUNCTIONS 
FOR PILOT-CENTERED RFQUIFENEWCS 

- 
REQUIREMENT 

K/s effect ive  control led 
element 

Lead and  remnant 
minimization 

Command bar  consistency 

Response compatibility 

FUNCTION 
~. 

feedback a t  mid-frequency 

6, feedback  (with  lag) a t  mid- t o  
high  frequencies 

Only  d feedback a t  very l o w  
frequency. 8 feedback a t  short  
period  frequencies. 

Response with  f l ight   di rector   s imilar  
t o   t h a t   f o r  r a w  data  ( or VFR ) ; and 
similar t o   t h a t   f o r   a u t o p i l o t ,  i .e. ,  
8 and h inner  loop  feedbacks. 

~~ 

~~ 

- . 

Taken together,  the  guidance and control  and pilot-centered  requirements 

prescr ibe   the   f l igh t   d i rec tor  computer feedbacks, as well as the  general  

nature  of  their  weighting  and  equalization, needed t o  accomplish a 

landing  approach in  the  presence of disturbances. The implementation 

and analytical  interpretation  of  these  requirements  for  conventional 

transport-type aircraft are  presented  in  Section 111. 
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BECTION I11 

ANALYTICAL DEVELOPMENT OF ADVANCED LONGITUDINAL  DIRECTOR 

A cent ra l   par t  of t h i s   r epor t  i s  the  der ivat ion of an e f fec t ive  

controlled element consisting of the  vehicle-plus-fl ight  director computer 

which wt11 satisfy  both  the  guidance and control and the  pilot-centered 

requirements  outlined  in  Section 11. This i s  accomplished i n   t h i s   s e c t i o n  

by se t t ing  up a rudimentary  system, and subjecting it to   cons t ruc t ive  

cr i t ic ism.  Then, taking  the  cri t icism  into  account,  a  more advanced sys- 

tem i s  evolved, and the   c r i t i ca l   rou t ine  i s  repeated.  This  sequential 

process  also  highlights  the  effects on the  controlled element dynamics 

of selection,  equalization, and weighting  of  the  feedbacks. 

The axes  system and vehicle  equations  are  specified  at   the  outset .  

The analysis  begins  with a basic system which has  feedbacks tha t   s a t i s fy  

the  functional  requirements  in a minimal way:  beam deviation  plus washed- 

out  pitch  att i tude.  Although th i s   bas i c  system i s  adequate,  significant 

improvements can be made by  introducing  additional  feedbacks and equali- 

za t ion   in   the   d i rec tor  computer. The r e su l t  i s  a composite  system tha t  
has  superior  path  regulation and command following  properties, and which 

sat isf ies   the  pi lot ' s   subject ive  feel ing  for   responsiveness ,   val idi ty ,  

and consistency. 

Elevator i s  considered t o  be the  primary  control. The e f f ec t s  of 

t h r o t t l e  and d i rec t  l i f t  control on the  effect ive  vehicle  dynamics are  

discussed where appropriate. 

The following  analyses  are done in  generic terms. They are   i l lus t ra ted  

i n  Appendix C by a numerical example f o r  a DC-8 a i rc raf t   in   l anding  approach. 

The basic  block  diagram  for  the  pilot/director/vehicle system i s  given 

in   F ig .  2. The vehicle element i s  summarized below as  a preface   to   the  

f l i gh t   d i r ec to r  computer  development. 
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A conventional  body-fixed s t a b i l i t y  axis system i s  used.  In  landing 

approach the  unperturbed  x-axis i s  aligned  with  the  glide  slope, making 

eo = y o  as shown in  Fig. 5 .  Due to   t he  body-fixed  nature  of  the axis 

Glide Slope (& 

- 
Transmitter Ground 

y/////- 

Figure 5 .  I n i t i a l  Axis System Alignment 

system, perturbations i n  a i rc raf t   a t t i tude  change the  orientation of the 

x- and z-axes  as shown i n  Fig. 6. 

Beam deviation, d, i s  normal to   the  gl ide  s lope,  while a l t i tude,  h, 

i s  measured ver t ica l ly ,   pos i t ive  up. When the   i n i t i a l   x -ax i s   i s  not  hori- 

zontal, it i s  important t o   d i f f e r e n t i a t e  between d and h. For example, i n  
a headwind there  i s  a reduct ion  in   grmdspeed when the   p i lo t  holds a i r -  

speed constant. 

a 

Note: Perturbation quantities 
are shown positive 

Ground 

Figure 6. Perturbed Axis System Alignment 
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There  must therefore be a corresponding  reduction  (perturbation)  in  the 

ra te  of descent, G, i n  order t o  maintain a constant  inertially  referenced 

glide  path  angle. The r e s u l t  i s  a zero beam rate  deviation,  but a con- 

s tant   a l t i tude  ra te   per turbat ion.  Beam deviation, d, and al t i tude,  h, 

will be distinguished  in  the  analysis where appropriate. 

The longitudinal dynamics of the  vehicle  are assumed t o  be described 

by the  l inearized 3-degree-of-freedom  perturbation  equations  given i n  

Eq. 7. 

d = -w + uoe + axe , a t   s ta t ion  a, 

h = “wcos 0, + u s i n  0, + Uo cos @,e 

B * THE BASIC  BEAM-DEVIATION-PLUS-PITCH-ATTITUDE SYSTEM 

A minimum system  which  meets the  guidance and control  requirements of 

Section I1 for   convent ional   a i rcraf t   consis ts  of beam deviation and pi tch 

a t t i t ude  feedbacks to   the   d i rec tor  computer. This deviation/att i tude sys- 

tem i s  shown in  the  block diagram of Fig. 7, where G Y  and $8 are  the 

respective  feedback  functions. 

The system i s  assumed t o  be l inearized by removing the range  variation; 

i . e . ,   l e t t i ng  Gre A KR i n  Fig. 2 so that GEZ i s  a constant  in  Fig. 7. Also, 



Figure 7. Simplified  Flight  Director System Block D i a g r a m  

deviation, d, has  been s impl i f ied   to   per turba t ion   a l t i tude ,  h,  by  assuming 

no steady-state wind e f f e c t s   t o  change the groundspeed . Without wind, the 

s m a l l  difference between d and h due t o   s i n  0, and cos 0, i s  negl igible   for  

glide  path  angles  of  current ILS systems. 

Distinction i s  made between GD and G Y  i n  Fig. 7 t o  permit  separation 
C 

of the  equalization of the  ILS data  from tha t  of the  vehicle 's   in ternal  

measuring  system. Both blocks  contain ILS data  but  feedbacks  that  are  not 

re ferenced   to   the  beam (e.g., rate of climb and normal acceleration)  are 

added i n   t h e  feedback  block  only. 

1. Steady Sta te  Regulation and Campand ~ o l l a w l n g  

The def ic iencies  of the  basic   deviat ion/at t i tude system provide one 

bas is  f o r  evolving  the form and function of a n  advanced director .  Among 

the  deficiencies  are  those  related  to  very low  frequency  (approaching 

steady  state)  requirements  for  path  following and gust regulation (wind- 

proofing).  Inputs with which the  pi lot /director /vehicle  system may be 

expected t o  cope include  the  following: 

Step  offset  from the beam 

0 Change i n  beam angle 

0 Curved beam 

Step  changes i n  wind veloci ty  

0 Ramp changes i n  wind veloci ty   (shears) .  



Steady-state analyses i n  Appendix B examine the  response of the   bas ic  

system to   t hese   t ypes  of  inputs, and d r a w  implications for additional 

equalization or feedbacks. The result   of  these  analyses i s  the  l i s t  of 

a l te rna t ive  minimum systems for each  type  of  input  given  in  Table 111. 

The 2-degree-of-freedcan case assumes tha t   the   p i lo t   cont ro ls   e leva tor  

while  airspeed i s  held  constant  with  autothrott le ( o r  p i lo t   cont ro l ) .  

The 3-degree-of-freedom  case  involves  only  elevator  control  with  airspeed 

allowed t o  vary. 

"he wind shears and curved beams a re   s een   t o   r e su l t   i n   t he  most complex 

systems. Comparing the  2- and 3-degree-of-freedom cases  indicates  that  

autothrot t le   s implif ies   the minimum director,   generally removing the  need 

for   p i lo t   e leva tor   t r im.  

The need i n  some cases  for beam integrat ion  within  the  director  com- 

puter   is   in   confl ic t   wi th   pi lot-centered  requirements   for   display con- 

sistency.  This can be handled in   severa l  ways, including 

0 Ful l  time beam integration  with  l imiting. 

0 Multi-mode f l i gh t   d i r ec to r ,   i n  which beam integrat ion 
i s  switched i n  when needed. 

0 Providing  other  status  information t o  permit  the 
pilot t o  perform more than a single  integration. 

Similarly,  the need for   rapid  a t t i tude washout t o  give good low and mid- 

frequency  windproofing  tends t o  conflict   with  the  path damping require- 

ment, and t h i s  compromise i s  treated  subsequently. 

2. Director plus Vehicle as an Effective  Controlled Element 

The requirements  of  Section I1 and the  steady-state  considerations 

noted above define a number of feedbacks t o   t h e   f l i g h t   d i r e c t o r  computer. 

A central   implication of the  pilot-centered  requirements i s  that   the   gains  

and equalizations  be  selected so tha t   the   ne t  dynamics from pi lo t   e leva tor  

output to  director  instrument  displacement look approximately l i k e  a n  

integration, K/s. The analy-tical  procedure for  assessing and establishing 

t h i s   r e s u l t  i s  given below for   the  basic   deviat ionlat t i tude system. The 

def ic iencies  of t h i s   b a s i c  system t h e n   l e a d   t o  a  more advanced  system 
evolved i n   t h e   r e s t  of Section IIT. 
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TABLE 111 

M I N I "  SYSTEMS FOR  STEADY-STATE BEAM ERROR W I T H  DISCRETE  INPUTS 

I M I N I "  SYSTEM5 

INPUT I CONSTANT AIRSPEED ( 2  D.F. ) 

Step beam I Beam deviation  only; Eq.  B-8 

Dual  angle beam Beam deviation;  plus washed-out 0 or beam 
integration; Eq. B-8 

Curved beam Beam deviation;  plus washed-out e and 
beam integration; Eq.  B-8 

Step w-gust Beam deviation;  plus washed-out 8 or beam 
integration; Eq. B- 1 4 

%hear  w-gust I Beam deviation;  plus washed-out 8 and 
beam integration; Eq.  B-I 4 

Step  u-gust -1- Beam deviation  only. 

Shear  u-gust Beam deviat ion;   plus   pi lot   throt t le   t r im 

VARIABLE AIRSPEED (3 D .F. ) 

Beam deviation only; E q .  B-7 

Beam deviation;  plus washed-out 8 and p i l o t  
elevator trim, or beam integration; Eq. B-7 

Beam deviation;  plus washed-out 8 and p i l o t  
elevator  tr im and beam integration; Eq.  B-7 

Beam deviation;  plus beam integration, or 
washed-out 8 and pi lot   e levator  trim, Eq. B-13 

Beam deviation;  plus washed-out 0 and p i l o t  
elevator  tr im and beam integration; Eq. B-13 

Beam deviation only; Eq. B-19 

Beam deviation;  plus washed-out 8 and p i l o t  
elevator  trim, or beam integration; Eq. B-19 

- 
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The dynamics  of the  effective  controlled element as seen by the   p i lo t  

can be obtained by adding the component vehicle  motion  transfer  functions 

with  their   associated  equalization. The e f fec t ive   f l igh t   d i rec tor   t ransfer  

function i s  then 

For the  basic system, the  feedback  functions  are  init ially  constant,  so 

G F  = Ke 

G T  = Kh 

The controlled  element  transfer  function i s  given by: 

The vehicle  numerators  are  given i n  Appendix A. A simplified  expression 

valid  in  the  region of p i lo t   cont ro l  i s  obtained by eliminating  the  high 

frequency  terms.* This r e s u l t s   i n  

The numerator of Eq. 12 cmbines  into a f i r s t -order   roo t  at nearly l / s  

and a second-order p a i r   a t  an  undamped natural  frequency, we, proportional 
1 

*This assumes the   e f fec t  of Z6e i s  negligible  at   frequencies  less 
than ~ s p  * 
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t o   t h e  d K h / K e  gain  ra t io .  The approximate transfer  f 'unction is: 

Figure 8 contains  frequency  response  (jw-Bode) and root  locus  plots 

of th i s   bas ic  system transfer   f lmct ion  for  two values of the  gain  ratio,  

Kh/Ke.  The smaller  value i s  given by the dashed l i n e .  The location of 

the we zeros i s  determined by the   r a t io  dKh/Ke- Note tha t   a t   l a rge r  

Kh/Ke va lues   ( so l id   l ine)   the  system i s  conditionally  stable and has no 

region of K/s-like  amplitude  ratio. This will make the system more sen- 

s i t i ve   t o   va r i a t ions   i n   p i lo t   ga in ,  and w i l l  r es t r ic t   the   p i lo t -vehic le  

system crossover t o  frequencies  outside  the  crosshatched  unstable  region. 

The system becomes stable  over a broad  region  as me i s  decreased. Also, 

as 'ue i s  decreased  the  spread between me and msp increases, and a region 

of K/s-like  amplitude r a t i o  i s  produced i n  between. As such, t h e r e   i s  

l e s s   s e n s i t i v i t y   t o  changes in  pilot  gain;  i .e.,   with  K/s-like dynamics 

the form of the  response i s   invar ian t   wi th  change in   ga in  and the band- 

width i s  proportional  to  the  gain  selected,  while  with  K/s2-like  systems 

the  closed-loop dynamics  change sharply as the  gain  varies.  The systems 

of Fig. 8 w i l l  have a high  frequency  instabil i ty  point beyond mSp due t o  

higher-order  lags  in  the  display,  actuator, and p i l o t .  

a. Pitch  Attitude Washout 

The. basic system  of Fig. 8 contains  "pure"  pitch  attitude  feed- 

back.  Windproofing considerations showed t h a t   a t t i t u d e  feedback 

must  be washed out a t  low  frequency, i .e. ,  

28 



ROOT LOCUS 

*P 

' I  
- 

P, 

0 
FD 

4 %  

-90 

-180 

Unstable Region For we, 
- 

BODE PLOT 

- 
Decreasing Kh/Ke 

\ 

\ / 

t i i g h e v  Order 

Lags 

log w - 

I 

Figure 8. Variation  in  Director Vehicle Properties  with %/KO Weighting 

I 



For  adequate path damping, however, a good 

re ta ined   a t  and  below  mid-frequencies. I n  

a t t i tude   s igna l  must be 

order t o  obtain a closed- 

loop system tha t  will have the  required  windproofing  as  well  as  having 

the  closed-loop  path mode at a frequency  greater  than  the phugoid, t he  

washout inverse  time  constant must be l e s s   t han   t he  phugoid, 9. With 

approach  speeds on the  order  of 200 t o  300 fps,  the  washout time con- 

s tan t  will generally be  around  10  sec. Such a low  frequency washout 

does  not  materially change the  approximate f l i gh t   d i r ec to r   t r ans fe r  

f'unction  of  Fig. 8. Faster  time  constants w i l l  reduce  the damping of 

the  me zeros below t h a t  shown in   F ig .  8. For example, i f  the  washout 

time  constant was equal t o  Te2, the  me zeros would be on the  imaginary 

axis  and the  highest  crossover  frequency would be near  the  vehicle 

phugoid. 

b. Speed Control with Throttle 

In  the  three-degree-of-freedom  case,  flight  directox  control  with 

only elevator does  not  provide  stable  operation below the speed f o r  

minimum drag; i .e., during  "backside"  operation. Even above t h i s  

speed there  can be  an appreciable  delay  before  the  airplane  motions 

natural ly   re turn  to   their   t r im  condi t ion.   This   lag i s  r e l a t e d   t o   t h e  

low frequency  closed-loop mode a t  approximately l/ml ( in   t he   a l t i t ude -  

to-elevator numerator, ge), which moves in to   the   r igh t   ha l f   p lane  for 
backside  operation. To reduce  the  time  delay, 1/Th  must be moved 

fur ther   into  the  lef t   half   p lane.   Elevator   control  w i l l  not  modify 

l/Thl, and the  conventional way t o  augment it i s  by control  with  the 

t h r o t t l e  - 

1 

The desired  effect  of the   th ro t t le   loop  i s  t o  improve the   a l t i tude  

numerator,  given by 
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The second term on the   r igh t  i s  t h e   t h r o t t l e  loop gain  times  the 

coupling  numerator. The e f f e c b  on 1/%, of increasing K, i s  sham 

in  the  root  locus  sketch.  The main e f f e c t  on the  character is t ic  

, 

Increasing K 
A I U 

I 0- 

Altitude Numerator  Root Locus 

equation  (denominator) i s  to daxq the phugoid, yielding  the two 

degree of  freedom  model i n   t he  limit. These e f f ec t s  will effect ively 

make the  controlled element  form in  Fig.  8 a K/s2 a t  very low f re -  

quency. Hence, au to thro t t le   i s   requi red  i f  the   a i rc raf t  i s  below 

the  speed for minimum drag and it serves t o  increase  the  path damping. 

c. Deficiencies .- of the  Basic  Deviation/Attitude System 

The most apparent drawback of a basic  h, e f l i gh t   d i r ec to r  

system i s  the K/s2 nature of the  effective  controlled  element  in 

the  anticipated  crossover  frequency  region between the phugoid, 9, 
and short  period, o This  does  not  adequately meet the   p i lo t -  

centered  requirement  derived in   Sect ion I1 f o r  a K/s-like  amplitude 

response. 

SP - 

Referring  to  Fig.  8 and Eqs . 14 and 15, it can  be  seen t h a t  

with  large enough pitch  gain, KO, the second  order oe zeros can 

be overdamped t o  produce two f i r s t  order  zeros. Although t h i s  

might  appear t o  improve the mid-frequency  gain  and  produce  the 

desirable K/s region, it has  several drawbacks. F i r s t ,   s ince   the  

t o t a l  damping, (eo"e, i s  constant  the two f i r s t   o r d e r s  may not be 
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placed  separately  in  the  most  desirable  locations.  Secondly,  the 

flight  director will  look  very  much  like an amplified  pitch  attitude 
display,  and be quite  "busy" in turbulence.  This  violates  command 
bax consistency,  and  attempts by  the  pilot to follow  the  bar will 

result  in  unacceptable  normal  accelerations  and  pitch  attitude 
excursions - incmpatible response. 

Other  overall  deficiencies  of  the  basic 8, h flight  director 
include  poor  gust  regulation  due to the  slow  attitude  washout,  and 
high  sensitivity  of  the (ue zeros to slight  changes in the  Kh/Ke 
ratio.  Keeping  %/Kg  precisely  constant  requires a linear  desensi- 
tization  of  the  glide  slope  signal  as  range  decreases.  This  is a 
difficult  mechanizational  task  to  do  exactly,  and  as a result, a condi- 

tionally stable system  may be produced  during  some  portions of the  approach 

The  amplitude  ratio  in  Fig. 8 has a K/s'-slope above  the  short 
period.  This  implies a need for pilot (or other)  lead  equalization 
in this  frequency  range, in order to extend  the  K/s  region.  Usually, 
this will not  be a strong  requirement,  unless (u is  smaller  than 
about 1 radlsec. For lower  short  period  frequencies,  additional 
equalization  in  the  director  should  be  considered. 

SP 

The  advantages  and  deficiencies  of  the  attitudelbeam  deviation 
system  are  summarized  in  Table IV. Attention  now  turns  toward 
overcoming  these  deficiencies  with a more  advanced  system. 

C.  ADDITIOM OF BEAM RATE FEEDBACK TO THE BASIC DIRECTOR 

Combining  beam  rate  with  attitude  and  beam  deviation  feedbacks 
provides  the  basis  for an advanced  director  which  has  several  advantages. 
These  include  more  precise  beam  following,  improved gust regulation,  and 
better  fulfillment  of  pilot-centered  requirements. 

1. fiteady-State  Regula.tion and Command Following 

! 

The  steady-state  beam  deviation  equations  are  the  same  as  those 
derived  in  Appendix B for  the  basic  system  unless  altitude  rate, i, 
is  used  in  place  of  true  beam  rate, i. With 6 the  functional  blocks, 
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RELATIVE  PROPERTIES OF THE BIISIC 
DEVIATION/ATTITUDE FLIGHT  DIRECTOR 

Provides command bar 
consistency  -dth washed 
out  at t i tude feedback 

DEFICIENCIES 

K/s2-like  amplitude r a t i o  a t  
mid-frequency when Kh/K8 
weighting i s  acceptable 

Poor w-gust windproofing due 
t o  slow washout 

K/s2-like  amplitude r a t i o  at 
high  frequency 

Maximum crossover  frequency 
r e s t r i c t ed  by  non-pilot  lags 
i n  forward  loop 

e and %,, of Fig. 7 a re  no longer  equal, and a feedback must be 

added t o  GP. The resu l t  can  be  seen in  the  following  three-degree- 

of-freedom steady-state  expressions  for beam er ror  due t o  beam comand, 

w-gust, and u-gust. 

FD 

F D u i  

Gd  

del,, - - s-0 .[" FDd c.eug]ug(s) 

FD 
The numerator coefficients  are  given  in Appendix A. Note that  operates 

on h feedback. A l l  f ree  s te rns  have been  multiplied  through. 
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The requirements  for gD a r e   t h e  same as for e, including  washout. 

However, the beam e r ro r  t o  u-gust   t ransfer   f inct ion no longer  has a 

numerator f r e e  s. This will then  cause a standoff t o  ug and wg shears, 

unless beam in t eg ra l  i s  included  in  the GZD control  path. However, the 

constant  term  in  the d, f o r  u input  expression, Eq. 19, i s  generally 

quite small, so the   resu l t ing   s teady-s ta te   e r ror   to  a ug shear may be 

negligible. 

" 

g 

2. Director Plus Vehicle as an Effective  Controlled Element 

The general  equation  for  the h, 0, h director  i s  

The dynamic features of t h i s  combined system show a broad  K/s-like 

region between the phugoid  and short  period. It al lows  fas ter   a t t i tude 

washout than does the   bas ic  system. These r e su l t s   a r e  developed  below. 

Combining and 8 changes the  second-order  zeros* i n   t h e   f l i g h t  

director  transfer  function  of Eq. 13 t o  

Again, 1/Th2 and 1/a3 are assumed l a rge   r e l a t ive   t o  cusp. This  quadratic 

may be separated  into two independent first order  zeros,  each  located 

independently t o  maximize the K/s region.  This means placing them a t  

"p and uSpJ respectively. 

Placement  of the  zeros i s  f a c i l i t a t e d  by an approximation for   the   roo ts  

of Eq. 21 when the two roots   a re   g rea t ly   d i f fe ren t .  They are  one small root 

"The & washout i s  assumed t o  have  an inverse  time  constant  at or  below 
phugoid frequencies and it w i l l  not  influence  these  mid-frequency  zeros. 
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1 

1 

and  one large  root,  

Figure 9 presents  frequency  response and root  locus  plots  for  the 

modified  director/vehicle  controlled  element. The zeros  have  been 

located as follows: 

1 . K h .  - = "  
T1 % - w  

P 

The frequency  response shows a broad K/s region between u) and (I) with 

very l i t t l e  phase  dip  near %. The path damping i s  now coming from the 

low frequency  zero, l /T1 , due t o   t h e  h feedback. Good high  frequency 

properties  are  provided  by  the  other  zero, 1 /T2. 

P SP 

a. Pitch  Attitude  Washout 

With the  addition of 6, t he   a t t i t ude  feedback  can  be washed 

out much faster   than  in   the  basic   f l ight   di rector   case  without  

compromising the mid-frequency  path damping. This w i l l  improve 

the l o w  frequency  windproofing. The relationship between e and 

li i s  helpf'ul i n  determining  the  slowest  reasonable  pitch  attitude 
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Figure 9. Director/Vehicle  Properties  with Beam Rate Added 
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washout time  constant. 

approximation r e l a t ing  

In   the  low t o  mid-frequency  region, a good 

h and 0 for elevator  inputs i s  given by 

Thus, for frequencies below l/Te2, i~ and 0 feedbacks  are  redundant 

( i n   t h e  absence of winds), and 0 can  be washed out  with a time 

constant of a t  l e a s t  To2. Because the   p i t ch   a t t i t ude  feedback 

provides   the  required  a t t i tude  s tabi l i ty ,   the   ul t imate  lower limit 

on the washout time  constant i s  near  the  short  period  frequency. 

The e f f ec t  of the washout location on the  low frequency wind- 

proofing  can be shown analyt ical ly  as follows.  Rewrite  the  effective 

controlled  element  transfer  finction, FD/6,, to   inc lude  an  a t t i t u d e  

washout, Two. The numerator  of this   t ransfer   funct ion becomes: 

Assuming, as  before,  that  the  high  frequency  altitude  zeros  are 

large  with  respect  to  the  short  period  frequency, Eq .  27 simplifies 

t o  

The summation of  numerator  terms i n  Eq .  28 i s   i l l u s t r a t e d  by the 

root  locus  sketches  in  Fig. 10. The "closed-loop"  numerator  washout, 

1 /Two, moves around  with  the  "open-loop"  value, 1 /Two. The f l i g h t  

director  transfer  function  approximation becomes 
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Figuxe 10. Locus of  Zeros  of  Director/Vehicle Numerator 
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Fe 
. .  - 

The numerator and denominator washout terms form a dipole   pair  which 

occurs a t  law or high  frequency in   Fig.  10, depending on the washout 

time  constant. 

The washout dipole  has l i t t l e   e f f e c t  on the open-loop director /  

vehicle  effective  controlled element propert ies   in   Fig.  9, and the 

p i l o t  loop  closure  properties w i l l  be essent ia l ly   the  same.  Assuming 
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1 

the  same pilot  crossover  frequency  (near  the  short  period  in  Fig. 9 )  

for   the  slow and fast washout cases,  the beam camand, d/dc, responses 

w i l l  be  about  the same, but  the law frequency gust responses w i l l  

d i f f e r  . 
The washout modifies  the  closed-loop phugoid a l i t t l e ,  moving it 

t o  a somewhat higher  frequency i n   t h e  fas t  washout case. The closed-loop 

w-gust numerator i s  obtained  by  adding  the  coupling  numerator  times 

the 8-loop  equalization t o   t h e  open-loop gust numerator, i . e . ,  

It changes substantially  with washout var ia t ion as shown in   t he  

Fig. 11  root   loci  (for increasing Q ) .  A s ignif icant   point   in  

Fig. 1 1 i s  tha t   the  low frequency  zeros in   t he  fast case, wbFJ 
can  have a f a i r l y  l o w  damping ra t io ,  depending on ug and the 

effect ive 8-loop  gain. 

a/S/ow Woshout Locus b/ f ust Washout L oms 

Figure 1 1 .  Effect of Pitch  Atti tude Washout 
on w-Gust Numerator Roots 
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The closed-loop beam error t o  w-gust transfer  f'unction can  be 

obtained by combining the  closed-loop  characteristic  roots (for a 
selected  crossover on Fig. 9 )  with  the  closed-loop numerator  from 

Eq. 30. The r e su l t   i n   t he  slow washout case  has  the form 

The closed-loop  gust  numerator i n  Eq.  31 includes a term at 1/T ' 
due t o   t h e  washout,  and three  terms frm the  basic d/w numerator. 

The closed-loop  denominator  has a term due t o   t h e  washout, l/%;)a, 

and the phugoid  has  been overdamped t o  give two real roots, l/T$, 

and 1 /T$'. This  response i s  p lo t ted  as the upper  curve in   F ig .  12. 

W O N  

g 

Slow Fast 
Washout Washout 
Y 

log w - 
Figure  12.  Effect  of  Pitch  Attitude Washout 

on %am Error Due t o  w-Gust 
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The generic  closed-loop w-gust  response t ransfer   func t ion   for  a 

r e l a t ive ly  fast washout typical ly  becomes: 

The f a s t  washout gust  response i s  the lower  curve in  Fig.   12.  Now the 

high  frequency  quadratic  in  the  closed-loop  numerator i s  affected b.y the 

washout, as shown in  Fig.  1 1 .  The effective  closed-loop phugoid i s  a lso 

different  from t h a t   i n  Eq.  31, having  been moved t o  higher  frequency. 

The denominator washout term moves to  higher  frequency as expected. 

The curves in  Fig.  12 i l l u s t r a t e   t he   we l l  known r e s u l t   t h a t  

f a s t e r   p i t ch   a t t i t ude  washout reduces beam error  due t o  low and mid- 

frequency  gusts. The difference  in  error i s  re la ted   to   the   a rea  
between the  curves on Fig. 12 when plot ted  in   l inear   ra ther   than 

logarithmic  coordinates. A s  an example, i f   t h e  w-gust i s  described 

by a low frequency f i rs t  order power spectrum  the  difference  in  the 

mean square  errors  for  the systems of Fig. 12 w i l l  be  about a factor 

of two because the  average  separation of the  amplitude  ratios i s  

about 3 dB. Note the  important  influence of the damping r a t i o ,  (&, 
of the low frequency  numerator  quadratic i n   t he   f a s t   ca se .  

b. The Use of Blended Direct L i f t  Control 

For f l ight   di rector   control   us ing  e levator  and th ro t t l e ,   t he  

upper limit for   the  path mode bandwidth i s  given  approximately by 

the  high  frequency  pitch  attitude  numerator term, 1 /Tee. Blended 

d i r ec t  l i f t  control (DX) which  augments Zg in   the  basic   vehicle  

can  be  used to   i nc rease  1/Te2, potent ia l ly  improving the  path mode 

response. The pertinent  block  diagram i s  given in   Fig.  13, where 
the D E  .control i s  re la ted   to   e leva tor   ac t ion  via a crossfeed, 

r e su l t i ng   i n  augmented vehicle dynamics. 

e 
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Figure 13. Block D i a g r a m  for  Direct L i f t  Control 

The primary  effect of blended DLC occurs i n   t h e   p i t c h   a t t i t u d e  

numerator,  with  secondary  changes  occurring in  the  high  frequency 

par t   o f   the   a l t i tude  numerator. The p i t ch   a t t i t ude  numerator  with 

D E  becomes 

NgDU has  the same form as  Ng i .e. ,  two rea l   zeros  1 /TOl and 1 /To*. 

I n  e i ther  numerator the  low frequency  zero i s  predominated  by Xu, so 

e e 
e' 

i s  almost  equal t o  1 /TO, . The approximate fac tor   for   the  

other  zero i s  

1 MW 
" - -%+-  
T D E ,  %DE z8DLC 

1 

which moves from l /Te2  toward the  r ight   half   p lane  as  ZgDE i s  

increased. The ef fec t  of increasing KDK i s  shown in  the  sketch 

of the  locus  of numerator roots.   Increasing l/Te2 will increase 

\IT2 i n   F i g .  9, which  can be interpreted as augmenting Za i n   t h e  



Pitch  Numerator  Root  Locus 

expression  for  l/Tp,  i.e., 

The  main  result  is  to  increase  the  bandwidth  of  the  closed-loop 
beam  command  transfer  function,  d/dc. In summary,  while  blended 
D E  is  not  a  requirement for an  advanced  flight  director,  the 
resulting  augmented  vehicle  dynamics  should  be  used  as  the  basis 
for  the  director  analysis  when DL2 is  included. 

c.  Deficiencies of the  Beam-Rate-Added  Director 

The  main  remaining  deficiency  of  the  combined 6, h, h flight 
director  system is that  the  desired  K/s-like  region  of  the  effective 
controlled  element  does  not  extend  beyond  the  short-period  frequency. 
This  means  that  potential  high  gain  pilot  closures  will  require  pilot 
lead  equalization  in  the  vicinity  of  the  short  period.  Means  for 
offsetting  this  are  discussed  subsequently. 

D.  ADDITION  OF PITCH RATE FEEDBACK  TO PlE ADVANCED DIRECTOR 

The  inclusion  of  pitch  rate  in e creates  an  additional  zero  in  the 
flight  director  transfer  function, FD/6,. Placing  the  zero  near  the  short 
period  makes  the  flight  director  transfer  function  K/s-like  at  and  above 
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cu SP - The closed  loop  short   per iod  daqing  ra t io  w i l l  then  increase as 

the  pi lot   increases   his   gain.  

The e f fec t ive   f l igh t   d i rec tor  numerator  can  be formed by  adding i t s  

component equalizations and  numerators i n   t he   u sua l  way. 

Again, the  high  frequency  terms  in Nge are neglected. If cusp >> %, the  

approximate  expression for the  numerator becomes 

1 . Kh . 1 Z K '  where - - - -  , 2Secu0 = - - - a h ,  andwe = 
2 .  

5i T1 K6 

What  was a f i r s t  order  lead  ( in  Fig.  9) near  the  short   period now becmes 

a second order a t  we. 

A generic Bode-root locus  plot   for   the  revised  director ,  Eq. 35, i s  

given in   F ig .  14. There i s  a broad K / s  region from the  phugoid t o   t h e  

higher  order  lags  (display dynamics, e t c .  ) . The resulting  closed-loop 

al t i tude  response  to  beam  commands for  a possible  pilot   crossover  fre- 

quency i s  shown by the  dashed l i n e  on the  jco-Bode p lo t .  Both the  closed- 

loop  phugoid, cu' and the  short  period, c u t  are   wel l  damped, and there  

i s  l i t t l e  phase  dip  in FD/8,, so tha t   t he  system i s   i n s e n s i t i v e   t o   g a i n  

changes. 

P'  SP' 

There w i l l  be a closed-loop  root a t  low frequency  as  the  free s 

a t  the  or igin i s  driven t o  1 /%; (see IFD/Ge(--0) I on Fig. 1 4 ) .  Although 
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Figure 14. Director/Vehicle  Properties  with  Pitch  Rate Added 



t h i s   roo t  i s  nearly  cancelled  by  the 1/Td zero in  the  closed-loop beam 

response  there w i l l  be a s ignif icant  modal response in   the  other   vehicle  

motions,  primarily  airspeed. I n  other words, when the  vehicle i s  dis-  

turbed from i t s  trim condition  the beam e r ro r  will quickly  return  to  zero 

but  the  airspeed w i l l  have a very  long  sett l ing  t ime. A s  brought  out  in 

Section B-2-b t h i s   s e t t l i n g  time  cannot  be changed without  separate 

th ro t t le   cont ro l .  

1 

E. ADDITION OF ELEVATOR FEEDBACK TO THE ADVANCED DIREXTOR 

Another possible  feedback to   t he   d i r ec to r  computer i s  elevator 

deflection. This introduces an additional  functional box, %?, t o  

the  feedbacks in   the  Fig.  7 block  diagram. The director/vehicle  effec- 

t ive  control led element t ransfer   funct ion becomes 

m 
" 

Fe 
- 

m 
when Gg, = %e. 
given in  Fig.  15. 

The locus of  numerator roots  for  increasing F& i s  e 
The r e s u l t  i s  a high  frequency  lead a t  1 /Tge. The 

remaining  numerator  terms a re   r e l a t ive ly  unchanged. 

c *0 wsp 

I - I 
I I 

I - 
T& +LO 

Figure I ? .  Effect of Elevator Feedback on Director/Vehicle Numerator 

46 



The resul t ing  lead can  be useful  in  partly  offsett ing  the  high  frequency 

lags   inherent   in   the   p i lo t ,  and reducing  the need for   pi lot   lead  equal iza-  

t ion .  However, these  are  largely  accounted  for  with  pitch  rate; and  con- 

siderations of  response  compatibility and o ther   c r i te r ia   sugges t   tha t   the   p i lo t  

crossover will be low  enough t o  avoid  his  high  frequency  limitations anyway. 

Elevator  feedback  has  several  disadvantages  including  the  following: 

0 High gains w i l l  make the  display  too  sensi t ive  to  
6, motions, and cause  the  other  essential  feedbacks 
t o  be  obscured. 

0 Undesirable  feedback  of p i l o t  remnant m y  resu l t ,  
so any GSFD needs t o   c o n t a i n   f i l t e r i n g   t o  smooth 
the  remnagt. 

0 Aircraf t  trim changes w i l l  r e s u l t   i n  low frequency 
director  errors,  avoided by using washout i n  gz. 

The fundamental  point i s  t h a t  any elevator  feedback  other  than  high  frequency 

(above  the  short  period)  violates command bar  consistency. It i s  usefbl a t  

high  frequency, t o   t he   ex t en t   t ha t  it indicates   a i rcraf t   accelerat ion.  

F. SUMMARY OF THE ADVANCED DIRECTOR FEEDBACK3 

The requirements  of  Section I1 have  been  used as the  basis  for  the 

analyt ical  development  of  an  advanced f l ight   di rector   for   landing approach 

which features  superior  regulation and beam following  properties,  while 

being  subjectively  acceptable  to  the  pilot .  The resul tant   di rector  

contains  the  following  feedbacks: 

0 Beam deviation 

0 Washed-out p i t ch   a t t i t ude  

a Beam deviation  rate, or washed ou t   a l t i t ude   r a t e  

0 Pi tch   ra te  
0 Washed-out and filtered  elevator  (sometimes) 

Each  of these  plays a unique role  in  satisfying  the  requirements,   al though 

the f irst  three  are  more essent ia l   than  the last  two. 
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An overal l  summasy of the   e f fec ts  of d i f f e ren t  feedbacks  and  combinations 

of  feedbacks i s  presented  in  Table V.  The basic  and  advanced  systems  axe 

ident i f ied.  The terms i n   t h e  "Feedback( s ) "  column are  underlined  to  indicate 

that   the   table   entry  refers   to   their   contr ibut ion.  The "Approximate Factors" 

are intended t o  apply  only t o  a conventional ( j e t   t r anspor t - type )   a i r c ra f t .  

"Desired  Equalization  Location"  provides a start ing  point  in  determining 

the  appropriate  feedback  weighting  that i s  most consistent wi th  the  require- 

ments,  and t h i s  i s  elaborated  in  the  preceding  text  discussion. 

A s  noted a t  the  outset,  the  required  feedbacks  are assumed t o  be  obtained 

in  conventional ways, including  the  use of  complementary f i l t e r s .  This may 

modiSy the  respective signal waveforms a l i t t l e ,  but it should  not  affect 

the  generali ty of the   resu l t s .  

Other pract ical   considerat ions  re la te   to   the  presence of a glide  slope 

receiver  lag, and the   e f f ec t  of the  antenna  location. The receiver   lag 

introduces a dipole a t  approximately  the  lag  frequency  in  the  effective 

director/vehicle  transfer  function, and it tends  to  reduce  the damping, 

c 8 ~ 8 J  of the numerator thereby  decreasing  the  available  path mode band- 

width. When the  receiver i s  not a t  the  aircraft   c.g. ,   sensed beam devia- 

t i o n  w i l l  include  an ax; component. For forward  locations,  this w i l l  

provide  increased  path damping; but   the  effect  is  s l i g h t  even a t  extreme 

locations.  
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TABLE V 

SUMMARY OF FEEDBACK  INFLUENCES  ON  DIRECTOR/VEHICLE  CONTROLLED  ELEMENT, FD/6, 

1 I ~~ 

DFSIRED 
SYSTkN FEED)IIACK( S) I FUNCTION 1 1 APPROXIMATE FACTORS ' EQUAI.IZATIOI1 1 I E!XIALIZATIOI~ 

R E M i 7 K S  

"- ~. , . ,  . , .  " .. + " 

LCCTIOPl - I  . .  - I I .. - -. . I .. 

d Basic  path  control  allows , Unacceptable  alone. 11% must be  posit ive.   Display 
g l ide   s lope   cap ture   sens i t iv i ty   se t   for   accepiab le  low frequency  errors.  

A t t i t ude   s t i f fnes s  
Pnth damping 

" . ; . .. 
. 1  [Sa ; w o l  ~ S p e  = - ' K ~ / K ~  small enough t o   e l k n a t e   c o n d i t i k a l l y   s t a b l e  system. 

2To2 % " "'13 K ~ / K ~  l a rge  enough for  mid-frequency  validity.  Attitude 

. " . . - . . - 

(may be r e a l )  
uz ~ % 

must be washed out  at lm frequency. 
1 - 

l K O  Two "p ' 
t . .  

1 1 
Path damping 

1 2 4  
T1 T I  % 
- " -  - 

T1 '% 

1 
Path damping _ .  I , 'd 
A t t i t ude   s t i f fnes s  
wg windproofing 1 1  

""p 
71 

~ T2 - - "sp 

' 1  
T l  ' T2 

_ = _  
T1 K;, 

I -Za% . . 

i Minimum phase d i p   a t  Provide K/s region  for  crossover.  
_ _  _ "  . .  

consistency. Has poor  response  cmpatibil i ty.  
Set  acceptable  path m%i damping. Lacks a t t i t u d e  cammand bar  

. . . . - . . - 

Minimum phase d i p   a t  3. ?ro\lide K/s region  for  crossover.  
Set  acceptable  path m e  demplng. Att i tude washed o u t   a t  
mid-frewency. 

- . ..  . "~ 

d, A t t i t ude   s t i f fnes s  
l r  
TE - "sp Att i tude washed o u t   a t  low frequency.  Rate  feedback  must  not 

Twn - "p 
Atti tude damping 

1 - _ _  
TE 

1 5 ,L  
Ti: - K; TWO 1 -. make t h e   c m a n d   b a r  "busy." 

Fhtends  region of K/s 1 
for  crossover 
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_ = _  
T l  4 1 I "p ~ Haximm 1/T,  l imited by  mid-frequency phase  droop. 

Advanced c - 'Same as  above, ' Sme  as  above, plus  
plus  
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. . . .  

Quickens display 1 1  
Only useful at high  frequency.  Requires washout and high 

command bar  conaistency  requirement a t  high  frequency. Th, i T6, 5, 



SECTION IV 

SUMMARY AND IMPLICATION6 

A. (XTERALL RESULTS 

A cmprehensive  set of f'unctional  requirements,  basic  principles, and 

analytical  procedures have  been presented  for  specifying and designing 

flight  director/vehicle  systems. These permit   the   designer   to   select ,  

equalize, and weight the  director  feedbacks analytically,  given  the 

(augmented)  vehicle dynamics and a def ini t ion of  the  task. By using 

these  design  techniques  the  final  optimization  process  using  actual 

pilots  during  simulation and f l i g h t   t e s t  can be planned and accom- 

plished much  more expediticmsly,  Experimental  optimization  should 

now become a "fine  tuning"  procedure,  involving  overall  gain  selection 

and, perhaps, minor  changes in   the  predicted  re la t ive  weight ings.  

The basic  feedbacks  required  in a director   are  beam deviation and 

washed-out p i tch   a t t i tude .  The addition of beam deviat ion  ra te  (or i t s  

near  equivalent,   al t i tude  rate)  helps  provide a K/s-like  form  for  the 

director/vehicle  in  the mid-frequency  region,  improves  path damping, 

and permits more rap id   p i tch   a t t i tude  washout. Adding p i tch   ra te   he lps  

extend  the  potential   pilot   crosswer  region by offsetting  high  frequency 

p i lo t   l ags  and increasing  the  gain  margin (if the  short  period i s  l i g h t l y  

damped) . 
Although  augmenters may improve the system properties,  they do not 

usually have a la rge   e f fec t  on the form of the  director/vehicle dynamics 

i n   t h e  mid-frequency  region where pilot   crossover w i l l  occur.  Instead, 

the i r   p r inc ipa l   e f fec t  i s  on fringe  areas.  For example: 

With a l i g h t l y  damped short  period  an  increase  in 
p i t ch   r a t e  damping improves the m a x i m u m  a t ta inable  
f l ight   di rector   loop bandwidth; 

An autothrottle  reduces  the  speed  deviation, improves 
the speed s e t t l i n g  time, and damps the phugoid. 

An exception i s  blended d i r ec t  l i f t  control which  can increase  the  potent ia l  

path mode bandwidth  by increasing l /Teg and modifying the  path  numerator. 



This would permit  higher  pilot  gain  while  maintaining  the I el71 modal 

response r a t i o  a t  an  acceptable  value. 

This  report  emphasizes  longitudinal  control,  but  the  procedure and 
considerations are the  same f o r   t h e   l a t e r a l  axes. The functional  require- 

ments are p e r t i n e n t   t o   l a t e r a l  and longitudinal  landing-approach  tasks. 

With minor  changes, the  requirements  of  Section I1 would a l so  be applicable 

to   o ther   t asks  such as curved beam following, flare, and takeoff  rotation 

and  climbout. 

B. NEW ASPEclIls OF 93-E EVOLVED DESIGN PRINCDLFS 

A s  a paradigm for  analytical   synthesis of f l i gh t   d i r ec to r  computers, 

this  report  contains  sane new principles and techniques, which a r i s e  

largely as a r e s u l t  of pilot-centered  requirements. These new concepts 

a r e  summarized  below: 

0 The director  synthesis  procedure  involves  the 
interact ion and tradeoff  of  guidance and control 
and pilot-centered  considerations. 

The effective  director/vehicle  controlled element 
should  look  like a K/s ovex a broad  mid-frequency 
region. 

0 The director  display  should be consistent  with 
status  information-low  frequency and steady- 
s t a t e   ba r  motions  should  be beam deviation,  the 
mid-frequency  deviations  should  reflect  corre- 
sponding  vehicle  motions, and high  frequency 
(above  short  period)  motions  should  be 
attenuated. 

0 The compatibil i ty  of  at t i tude and path  motions 
has  an  important  influence on p i lo t   ga in  and 
system  crossover  frequency.  Unfortunately, 
selection  of  suitable 1 e / y l  r a t i o s  a t  the  
dominant mode i s  currently a weak area   for  
both  autopilot and f l ight   di rector   design.  

Scanning  required t o  monitor status  information 
w i l l  t e n d   t o  reduce t h e   p i l o t  s gain  (Refs. 3 and 
5 ) ,  and t h i s  can  be  avoided  by suitably  integrating 
the  status  information on the  display.  



C. OTHER lMPLICATIONS FOR DESIGN 

The combined requirements and the  analytical   synthesis  procedures  lead 

to  other  implications  for  director  design  that   are more or l ess   wel l  known. 

These a r e   l i s t e d  below: 

Beam  command desensit ization i s  desirable so tha t   t he  
p i l o t  does  not  have t o  continuously modify his  gain.  

Lags in  the  director  display  instrument  can  reduce  the 
attainable  path mode bandwidth, i f  they  are   s ignif icant  
i n   t he  mid-frequency  region. 

The glide  slope  receiver  lag w i l l  decrease  the  attainable 
path mode bandwidth, as it does  with  non-director  (manual) 
or autopilot   control.  Higher qual i ty  ILS  beams w i l l  
increase  the  performance  potential of advanced f l i g h t  
control systems by allowing  the  receiver  lag  to be 
decreased. 

Beam in t eg ra l  i s  needed t o  achieve good  beam following 
with  higher  order  inputs such as w-gust shears and 
curved beams. I f   t h i s  i s  included  as a director  com- 
puter  function,  the  display may be  inconsistent  for 
lower  order  inputs,  resulting  in  standoffs. 

A s  an a l t e rna t ive   t o  beam integrat ion,   the   pi lot  can 
perform the  function  based on (non-director)  status 
information. Some compromise i s  probably  the  best 
solution; and t h i s  might consist  of a selectable mode 
for  curved beams, or a cambination of l imi ted   in tegra l  
feedback  and p i lo t   in tegra t ion .  

D.  F L I m  DIRFCTOR AS A MONITOR 

A fundamental  pilot-centered  consideration i s  t h a t   t h e   p i l o t  w i l l  

tend  to  adapt  his  response so that   the   pi lot-plus-director  system  has 

dynamic properties similar to  the  pilot-plus-raw  data system. In  effect ,  

in   confiGring  the  director /vehicle  system the  preferred  pilot   loop 

closures and equalizations  are dram forward from the   p i lo t  and placed 

in   the  director  computer. On the  other hand, f o r   p i l o t  monitoring  of 

( ful ly   automatic)  coupled  approaches the  director  output should  approximate 

t h a t  of the  autopilot .  



To simultaneously  satisfy  these  requirements  the  loop dynamics of 
the  director/vehicle  should  look  like  both  the  pilot/vehicle and the 
autopilot/vehicle. In practice,  the  goal  would  be to make  the  auto- 
pilot  and  flight  director  correspond  at  the  dcaninant  modes of the 
automatic  system.  The main difference  between  the  closed-loop  opera- 
tion of the pilot  and  the  autopilot  would  be  higher  loop  gain  with  the 
latter. 
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APPEmIX A 
VEHICLE  EQUATIONS AM) TRANSFER FUNCTIONS 

Eqmtions of Motion* -Body-fixed s t a b i l i t y  axes, W, = 0. 

d = -W + Uoe + axe, a t   s t a t i o n  a, 

h = -w cos 0, + u s i n  0, + Uo cos Oo9 

az = + - u0Q + g s i n  o e - ax@, a t   s t a t i o n  ax 
0 

-~ Transfer Function 

Character is t ic  Function 

A = (A s4 + BAs3 + C s2 + DAs + En) A n 

*The nominal glide  slope i s  0, = yo. 

A- 1 

L 
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Vertical Velocity Numerators 

NZ = A6s + B6s + C6s + Dg w 3  w 2  w W 

A: = Z6 

Bg = -Z6( Mq +%) + Uo% f XES 

CF = xu( Z ~ M ~  - u g 6  ) - g~~ sin 0, + x6 ( %uo - z ~ M ~ )  

Dg = g( ZgM, - %zu)cos 0, + g sin oo( %xu - XgM,) 

Nw = Aws3 + Bws2 + Cws + DW 
17 D 17 17  17 

A: = -2 

Bw = Z ( M  +X,) - UoM,, - XqZ, 
17 

D 179 

cw = X,(U~M,, - Z ? M ~ )  + 3 sin oo - x ( u - z ~ M ~ )  

Dw = g cos oo(%Zu-Z,,M,J + g sin  Oo(XqMu-M,,Xu) 

17 . I I Q o  

17 

Forward Velocity Numerators 

Ng = A,s 3 + Bus2 + C,s + Du 

42 = x&-q$ 

B, = -Xg[Mq(l -Z+) + Z , + M ; ]  + Zs& 

Cu = Xs(MqG-%) - Zs(& COS O 0 + M q G )  +- % [ X , - ( g  COS @,)(l -%)I 
+ gXg% sin 0, 





SHORT PERIOD EQLIATIolJs 

Equai5iane of' Motion 

Characterietic  Function 

n = s2 [s2  - ( M ~ + M ; + z ~ ) ~  - (%-vq)] 
Transfer Mction Numerator8 

s2 - (Mq+M&)s - (k - Zu)] = Ags d 2  + Bgs d + Cg 
d 

S' - (Mq+M&)s - d (Ma-? Zu)] = 4s' + B d s + C d 
q q 

Ne rl = - s [ ( %  +ZqM&)s  - (&,%-Z,,M,)] = - s [ q s  +B:] 

Coupling Numerators 

4 = %Zq - ZgMq 



The function  of  the  f l ight  director is  t o  maintain  the  a i rcraf t  on 

the  glide  slope when the  ccanmand bar   error  is  nulled  by  the  pilot .  

Whether t he   f l i gh t   d i r ec to r  can  produce  zero beam deviations  in  steady- 

s t a t e  (as t "c m) depends on the  nature of the command and  disturbance 

inputs, as well  as the  equalization of the  feedback  signals. 

This appendix  develops  the  analytical  expressions  for  steady-state 

longitudinal beam error  in  the  presence of a rb i t r a ry  beam  commands and 

gusts. The result ing  control  implications  are examined for  the  following 

specific  inputs:  

0 Parer  series beam  command 

0 Dual angle beam  command 

0 Step and shear  (ramp)  vertical  gusts 

0 Step and shear  (ramp)  horizontal  gusts 

Although the  limiting  steady-state  cases are examined, landing approach 

involves o n l y  a short  time  duration. Hence, the   p rac t ica l  concern i s  

with  the  errors  at   the end of the  landing  approach. 

IlEAM FOLLOWING 

With the  basic   a t t i tude  plus  beam deviation system the beam error* 

equation  for  an  arbitrary beam  command, hc( s ) ,  i s  

"Beam error  can  be  described  by de or he i n  the  context of beam  command 
inputs. 

B- 1 



The equalization  terms, G, are  defined  in  Fig. 7 of t he  main text, and the  

airframe transfer  function  polynomials are given i n  Appendix A .  Since  an 

feedback is  not  included, 

Deleting  this  term  in E q .  B-1 and taking  the  l imit  as s -0  gives  the 

following  steady-state  result: 

This  applies  for  the  general  case where t h r o t t l e   s e t t i n g  i s  not  chmged 

and airspeed is  allowed to   vary .  

If the  pilot  holds  constant  airspeed, Eq. B-3  reduces to   the   fo l lowing  

2 degree of freedom expression (when i s  neglected): 

If the commanded path i s  given by a power s e r i e s  i n  time, i . e .  , 

h c ( t )  = hl  + h2t + hjt2 + . . . hntn-l 

This has  the  Laplace  transform, 

h l  a 3  + . . . 
s s  2 s3 Sn 

(n-1 ) Ih, 
h,(s) = - + - + - 

B- 2 



Then the  steady-state  error  in  the  three  degree of  freedom case i s  

obtained  by  substituting  in Eq. B-3, i .e. ,  

The corresponding two degree of freedom r e s u l t  i s  

To satisfy  the  requirements of Section 11, Eqs. B-7 and B-8 show tha t   the  

numerator must contain a f ree  s i f  the system i s  t o  have zero  steady-state 

beam e r r o r   f o r  an nth order power ser ies  command. In  the  case of a step, 

hl /s ,   the  system w i l l  have zero  steady-state beam error  when the  equaliza- 

t ions,  G, are  gains  only. 

n 

The higher  order  terms  in  the power series,  Eq. B-3, lead  to  the  require- 

ment for   equal izat ions  other   than  gain  (e   .g .  , additional  feedbacks). From 

the  sketch it i s  apparent  that a system 
which is  s tabi l ized on the f i r s t  segment 

of a dual  angle  glide  path must follow a 

ramp function  in h without  steady-state pathy 
e r ro r  i f  it i s  to   successfu l ly   t rans i t ion  

from paths 1 t o  2. So a f r e e  s2 i s  needed 

in  the  bracketed  portion of  Eqs. B-7 o r  B-8. 

This i s  obtained  in   different  ways depending 

on which equation i s  used. 

If the   p i lo t  changes thro t t le   se t t ing   to   ho ld   a i r speed   conctan t  (Eq. B-8) ,  

G F  must e i the r  

0 Contain a f r e e  s via washed out  pitch  att i tude,  



0 Have an  integral   term  in   the denominator, for example, 
via a para l le l   in tegra tor  on t h e  beam signal  

This latter  al ternative  has  the  disadvantage  that   integrators  accumulate 

small errors  which could  cause  the  f l ight   di rector   to   be  off   center  when 

t h e   a i r c r a f t  i s  s t ab i l i zed  on the beam and the beam error i s  zero.  This 
would g ive   the   p i lo t  a director  cormnand cont rad ic tory   to   h i s   s ta tus  

inf  ormatton. 

I n  the  three  degree of freedm  case  (airspeed  not  held  constant) ,   the 

ramp input  into Eq. B-7 could be handled by  washing out a t t i t ude  and l e t t i n g  

the  pi lot   re t r im  the  e levator  ( i .e .  , @ A K1 + K Z / j u ) .  

Higher  order  inputs,  for example, curved  path cammands, would r e q u b e  

a t  l e a s t  a f ree  s3 i n  Eqs..  B-7 and B-8. This would demand  beam integration 

feedback in   addi t ion   to   p i lo t   e leva tor   t r im and washed out 0.  

GENERALIZED  GLYT REWIATION 

The f l i gh t   d i r ec to r  must pe&i t   p i lo t   con t ro l   t o  compensate f o r  wind 

(or gust)  disturbances. A t  very low frequency  (steady  state)  this  implies 

maintaining  the  aircraft  on the beam in  the  presence of s t ep  gusts, shears, 

and vehicle trim changes. Satisfactory  steady-state performance is  again 

achieved by suitable  equalization of the  feedback signals t o   t h e   d i r e c t o r .  

The  beam deviation  response t o  a generalized 

disturbance, q( s ) ,  i s  shwn i n  khe block  diagram 

external wind veloci ty  

of  Fig. B-1. 

Figure B-1. Flight  Director Feedbacks with Gust Inputs 
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The  beam deviat ion  t ransfer   funct ion  to  a generalized  gust, q( s ) ,  is: 

ii 

A d i s t inc t ion  between  d  and  h is  now  made t o  properly  account  for  steady 

s t a t e  wind effects.   This  difference produces the  coupling  numerator, 

The disturbance, q, can r e s u l t  from a ve r t i ca l ,  or horizontal, wind,  and 

e i t h e r  can  have a constant  velocity component, i . e . ,  q ( s )  = ql/s + . - -  . 
Because of t h e   s t a b i l i t y  axis system  used, a horizontal  (head or t a i l )  wind 

contains  both u  and wg components, along  the x and z axes,  respectively. 

To cause no residual beam error  for  the  constant  velocity component requires 

t h a t  

jj d h  
'7 6,' 

g 

- 
delss - s lim " 0  .[I3 S = 0 (B-10) 

where the  term  in  brackets is  defined by Eq .  B-9. This  condition i s  

s a t i s f i e d  when there  i s  a t  l e a s t  one f ree  s in   t he  numerator of the term 

in  brackets.  Other  expressions  for  the  response  to a generalized  gust 

are  given  in  Table B-I a t   the  end of t h i s  Appendix. 

VERTICAL GUST, wg 

When only  att i tude  equalization is used,  the  three  degree of  freedom 

steady-state  expression  for beam deviation due t o  a generalized w g ( s )  i s  

And th i s  reduces t o  

- - 
ss 

lim 
s-0 ] wg(s) (B-12) 



The terms D, e and Dge are  the  lowest  order  terms i n  t h e  numerator 

expressions when s - 0 .  Using the  values frm Appendix A, t he  complete 

three  degree  of freedom steady-state  expression for beam e r r o r   t o  a w-gus t  

is  

g' %$e 

Expressions  for  this and other  vehicle  motions  resulting from a w-gust are 

given i n  Table B-I. 

The equalization  requirements  are  determined  by  the  fact  that  the 

expression  in  brackets  in Eq. B-13 must contain  numerator  free s terms 

of the same order as the  input, w g ( s ) .  Because the  numerator  within  the 

brackets i s  a constant as s -0, the   f ree  s terms  needed to   cancel   those 

i n  w,(s)  must come from the  denominator  within  the  brackets. One f ree  s 
6 

can  be  obtained by the   p i lo t ,  k, retrimming  the  elevator,  i .e. , act ing 

as a  parallel   integrator  in  the  elevator  channel and  having  include a 

8e 

washout of the   p i tch   a t t i tude .  An a l t e rna t ive  i s  t o  include a Ka/s com- 

ponent i n   t h e  e control  path.  A similar argument appl ies   for   s tep trim 

changes r e su l t i ng   i n  Zo and Mo, lift and pitching,  accelerations  applied 

to   the  vehicle .  

Shear  (ramp)  inputs, on the  other hand, require   the same equalization 

as a step,  plus a Ka/s component i n   t he  G Y  control  path. If beam in t eg ra l  

equalization is  not  acceptable,   the  f l ight  director w i l l  not show an 

exis t ing  s teady  s ta te  beam error  caused by a w shear even i f  t h e   p i l o t  

holds  the  director  bar  centered. Hence the  guidance and control  require- 

ments conflict   with  the  pilot-centered  requirements  in  this  case.  Ways 

around this  conflict   include  the  following: 

g 

Frwide a separate  director mode for  shears which 
includes beam integration. This w i l l  a l s o   s a t i s f y  
the  (second  order)  curved beam requirement,  discussed 
above. 

B- 6 



0 lnclude beam integration  feedback i n  t h e   f l i g h t  
d i r ec to r  and limit i ts  authority.  

0 Provide  other (beam e r ro r )   s t a tus   i n fo rmt ion   t o  
t h e   p i l o t  so that  he  can  essentially  double  integrate 
t h e  beam error,  avoiding beam in tegra t ion   in   the  
director  computer. 

Each of these  solutions  can  be found in   current   pract ice .  

A s  an  a l ternate   technique,   the   pi lot   or  an automatic  controller  can 

attempt t o  maintain a constant  airspeed  by  throttle  changes.  In  this 
case  the  steady-state beam deviation  can  be  derived from the two degree 

of  freedom  approximation  of Appendix A t o  give 

Again, wg( s )  i s  generalized. With  washed-out a t t i t u d e  feedback, the drift  

from the beam caused  by a s t ep  w-gust i s  reduced t o  zero  by  virtue  of  the 

a i r c r a f t ' s  weather-cocking  tendency. The p i l o t  w i l l  have t o  make a change 

i n  power set t ing,  however, because 

e ] s s  = ,""o s (io) - w g ( s )  

For a w-gust shear  input,  the  pitch  angle and power se t t i ng  must be 

continuously changed (as a ramp) in   o rder   to   ho ld   the  cannnand bar  centered. 
In   th i s   case ,   wi th  washed-out p i tch   a t t i tude ,   the   a i rc raf t  w i l l  remain at  a 

constant  steady-state beam error equal  to: 

(B-16) 

where w is  the magnitude of the  shear  in  f t /sec2. Note t h a t   t h e  beam 
e r ro r  is  reduced as the   a t t i t ude  i s  washed out   fas te r .  Beam in t eg ra l  

g2 

B-7 



feedback would a l s o  be  heipf'ul i n   t h i s  two degree of  freedom  case,  because 

it would provide  the  additional  free s in   t he  numerator  necessary t o  produce 

zero  steady-state  error.  

HORIZONTAL GWTY Ug 

Substi tuting u ( s )  f o r  v(  s )  i n  the  general d/q expression, Eq. B-9, g 
yields  

In  the  three  degree  of freedam case (when airspeed is  allowed t o  vary) the 

constant  terns of sNu and s N ~  u are  zero. The steady-state  expression, 

found  by l e t t i n g  s -0 ,  is  therefore: 

d e a  
g e g  

where Cu , A, 8 , C6 ugJ and DEe are  the  lowest  order term in the  respective 

numerators. When Gf = 0, Eq.  B-18 reduces t o  

a d e  u d  d 
g g e  

(B-19)  

Note t h a t  a free s occurs in  this  expression.  Step u-gusts produce zero 
steady-state beam error  without  any  feedback  equalization or  p i l o t  retrimming. 

Other  steady-state  expressions  are  given  in  Table B-I. 

A u-gust  shear  requires washed-out a t t i t ude  and p i lo t   re t r im.  The 

i n i t i a l  response i s  reduced i n  magnitude as MuZW-ZUMW i s  made smaller, 

and is ,  i n   f ac t ,  one argument for   neut ra l   s ta t ic   s tab i l i ty   o f   the   a i r f rame 
done .  I n  the  limit  the  u-gust  shear  causes a steady-state  airspeed change 

which will normally be countered by the  pi lot   wi th   the thrust Correction 

B-8 
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necessary to   b r ing   t he   a i r c ra f t  back "on airspeed." The t r i m  power change 

i s  simply AT = m(dug/dt). As pointed  out  in  Ref. 9 t h i s  trim change may 

be  a c r i t i c a l  one, especially for decreasing  tailwind  shears  that  stop  near 

the ground, leaving  the  pilot   with  insufficient power. 

These steady  state  considerations  indicate  that  the most troublesome 

disturbance  inputs  are wind shears. The worst  of  these i s  a  shear  normal 

to   the   f l igh t   pa th ,   for  it causes  a low frequency beam error even with 

a t t i t ude  washout and the   p i lo t  retrimming  elevator and parer. The need 

t o  wash out   a t t i tude feedback as  rapidly  as  possible also tends  to  conflict  

with  the  path damping requirements of Section 11. 
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TABU3 B-I .  SUMMARY OF STEADY-STATE GUST RESPONSES 

Gyatrm Definition 

I 

I I I 

Reaponae for Generalized Gnat, q(a) 
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APPEND= C 

"PLE APPLICATION OF FLIQEI! DIRECTOR DESIGN PRINCIPLES 
TO DC-8 AIRCRAFT 

This  appendix  presents a numerical i l l u s t r a t ion  of the   f l igh t   d i rec tor  

synthesis  techniques developed in Section 111. The longitudinal dynamics 

of an unaugmented DC-8 a i r c r a f t  trimmed for  the  landing approach  configura- 

t i on  (from  Ref. 4 )  a r e  used to   represent   the  vehiele .  The airframe parameters 

and s tabi l i ty   der ivat ives   are   given i n  Table C - I .  Numerical values  for  the 

transfer  f'unction  numerators and denominators are  given  in Table C - 1 1 ,  

based on the  def ini t ions i n  Appendix A.  

TABLE c - I  
DC-8 PARAMETERS FOR IANDING APPROACH  CONTICURATION 

GEOMEXRY AND INERTIA 

0 

0.204 

228. 

0 

61 .8 

2758 - 
142.4 

22.16 

180,000. 

5,580. 
60. 

3.8 x IO 
0 

6 

25.2 

50 
0.62 

LONGITUDINAL 
STABILITY AXES 

-0.0372 

0.136 

0.106 

0 

-0.283 

-0.750 
0 

-9.25 
-0.00097 

0 

-0.00461 
-0.00083 

-0.923 
0 

-1.05 

-0.1936 

c-I 



TABLE c-I1 

LONGITUDINAL  STABILITY AXIS TRANSFER  FUNCTIONS 
FOR THE DC-8 I 3  TFE LANDING APPROACH CONFIGZTRATION 

A = [O.O865 ; O.166][0.627 ; 1.231" 

Nge = -O.gl~(O.lOl)(O.646) 

Nge = -1.238(-4.12)(4.03) 

Nge = -9.25(23.3)[0.090 ; 0.1981 

Nge = 9.25(-3.63)(0.0332)(4.42) 

@e = 43.66(0)(0.035)[0.192 ; 1.811 
1 

NET = 0 
0 

NgT = 0.106(4.000g)[0.636 ; 1.221 

NKT = -0.00097(  31 . 1 ) (0) (0.39) 
gT = -0.OOOg7[0.38 ; 1 .02](31 .l) 

NE& = O.OOOg( 31 . l  ) 

NgegT = -0*097(0.709) 

N:eET = -0.98(4.0013)(23.3) 

N&& = -0.0009( 31 .l ) 

qegT = -4.203( 31 .l ) 

NgegT = -0.98(-3.63)(4.41) 

NGg = -O.7~(0.871)[0.011 ; 0.2541 

N% 
e = 0.004(-0.0087)(0.0378) 

N t g  = -0.136(0)[0.407 ; 0.9751 
Ni = 0.649(0.092) 
wg e 

*To simplify the notation, A[ s2 + 25ws +w2] is  wri t ten A[!, ; w] and 
A(  s + a )  i s  writ ten A( a ) .  
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FEEDBACKS AHD EQrXALIVlTICaJ 

Ideal  feedbacks  containing  no  significant lags or nonlinearities  are 
assumed to be available to the  flight  director  camputer.  These  can 
normally  be  obtained  (to a good  approximation)  with  suitable  complementary 
filtering . The  feedbacks  include : 

0 Beam  angle, y 

0 Pitch  altitude, 0 

0 Pitch  rate, 6 
0 Instantaneous  vertical  velocity, h 

Range  desensitization  converts  the  beam  angle, y,  into a displacement 
from  the  beam. In turn,  this  can  be  approximated by  the  perturbation 
altitude, h . 

This  example  is  sufficiently  similar to  the  generic  development  in 
Section I11 that  the  feedbacks  and  equalization form evolved  there  can 
be  applied  directly.  The  resulting  feedback  finctions  are: 

First  cut  values  of  the  gains  and  washout  time  constant, Two, can  be 
selected a priori  using  the  considerations  noted in Table V. Special- 
izing  these  considerations to the  vehicle  dynamics  from  Table C-I1 
results  in  Table  C-111,  which  also  gives  the  first-cut  equalization 
values  and  associated  rationale. 

" 
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EQUALIZATION 

Pitch 
Washout 

Pitch 
Atti tude 

AltTtude 

TABLE c-I11 
SELFlCTEB EQUALIVlTICN VALUES 

DESIRED LOCATION SELECTED 
EQUALIZATIOI 

. ~. " 

0.7 

1.7 

0.2 

~. . . 

REMARKS 
~- .. "_ . . ~ ." . 

Washout less than os t o  
provide   a t t i tude   s tag i l i ty  
but  greater  than 1 /Tog f o r  
windproofing and t o  main- 
t a i n   a l t i t u d e  bandwidth. 

P i t c h   a t t i t u d e   l e a d   s e t   t o  
implement short-period 
damping and  extend t h e  
region of K/s by having 
the  resul t ing  zeros  
cancel  the osp poles. 

Greater  than "p t o  avoid a 
ltbusytt  display and the low 
frequency  closed-loop d/d, 
amplitude  droop,  yet main- 
t a i n  mid-frequency  phase 
margin. 

VEHICLE/DIRECTOR TRANBFEB FUNCTION 

The overall   director/vehicle  transfer  function i s  

The behavior of the numerator as a function of the  gain  ratio,  %/Key  can 

be evaluated  analytically  by  lett ing 

C -4 



Numerically, the numerator  ratio is: 

4?ge ~1; 9.23(~+O.2)(~+O.O42)(~-3.6)(~+4.4)(~+O.7) 
G ( s )  = - = - 

K i  -.91gs~(s+1.7)(~+0.101)(~+0.646) 

Figure C-1 is a system  survey  of  this  transfer  function,  consisting  of 
ju-Bode  and  Bode root locus  plots  on  the  right  and a conventional  root 
locus  plot  on  the  left.  The  heavy  lines  are  the  +Bode  which  show  the 
variation  of  closed-loop  numerator's real roots  with  gain, K1;/Ke. The 
dotted  line  along  the  Bode  asymptote  is  the  locus of the  complex  pair me. 

The  numerator  roots  are  determined by  the  gain K1;/K;. Selecting a 
"9.011 rad/fi  places  the  complex  pair  of  roots, me, near  the  vehicle 
short-period  frequency to cancelcosp  and  extend  the K / s  region.  The 
complete  flight  director  numerator  is  then 

(K~M~e-K~Z~e)(~+0.0~2)(s+0.2~)(s+0.~6)[s2+2(0.~~)(1.27)~+(1.27) 2 1 
- . . . . , -. . , . --_ " - 

s ( s  +0.7) 2 

This  is  combined  with  the  vehicle  characteristic  equation, A, to give  the 
open-loop  director/vehicle  transfer  function. 

The  absolute  gain  values for the  effective  controlled  element  are 
determined  when  the  display  scale  is  established. For example,  if a 
ratio  of  director  bar to pitch  (horizon) bar deflection  is  unity,  the 
director  computer  gains  are  the  following: 

K i  = -1 .O 

Ke = -1 .O 

KG = - 0 . 0 1  10 rad/ft/sec 

I$, = 4.0022 rad/ft 
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Figure C-I . Flight Director Numerator Survey 



PILOT  LOOP CLOBURE CW6IDERATICX?S 

The open-loop director/vehicle, FD/6,, system  survey i s  given i n  

Fig. C-2. The equalization terms ( 1  /TI and me) do provide  the  desired 

K/s-like  amplitude r a t i o  Over a large  frequency  region where t h e   p i l o t  

should  close  the loop (the  potential   crossover  region).  The wind- 

proofing and comand bar  consistency  requirements  are  implicit  in  the 

selection of the feedbacks, as discussed in   Sect ion 111. The actual  

equalization  terms  (transfer  function  zeros)  are  canpared  with  the 

approximate cha rac t e r i s t i c   r a t io s   i n  Table C-IV. 

TABLE C - I V  

COMPARISON  OF APPROXlMllTE AND EXACT EQUALIZATION ZEROS 

EQUALIZATION 
TERM 

." . . 

CHARACTE!RISTIC RATIO APPROXIMATION 

d - Z a  ;(&+;) = fi1.89)( 1 . 3  = 1.78 I CALCULATED VALUE 

0.23 

1.27 

In  closing  the loop, the   p i lo t  will introduce a time  delay, and 

perhaps some offsetting  high  frequency  lead.  This w i l l  modiSy the open- 

loop  system  response properties as shown for  an assumed p i l o t  time  delay, 

a,  of 0.4 sec by the dashed  phase  curve in  Fig. C-2. This  gives  the 

"maximum possible  crossover"  line which in te rsec ts   the  amplitude r a t i o  

p lo t  a t  about 4 rad/sec. A more realistic  "potential  crossover  region" 

i s  a l so  sketched i n  Fig. C-2, and t h i s  i s  f e l t   t o  be more typ ica l  of what 

can be  expected i n  a longitudinal  director  control  task on the  basis  of 

available models and data. The actual  crossover w i l l  vary  depending on 

the  pi lot   gain  selected  to  satisfy the guidance and control  requirements 

(see  Section 11) for  particular  inputs  while a t  the same time  maintaining 

an  acceptable level of vehicle motions (pi tch  a t t i tude,  load fac tor ,   e tc . ) .  
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Figure C-2. Pilot/Director/Vehicle System Survey 



H i s  gain w i l l  vary   for   d i f fe ren t   l eve ls  of system  input (beam bends, 

turbulence) due to   th reshold   e f fec ts .  Hence, a key  objective i s  t o  pro- 

vide a broad range of K/s-like dynamics so that   the   nature  (mode shape) 

of the system  response i s  insensi t ive t o  var ia t ions  in   pi lot   gain,  what- 

ever  the  cause. 

For large  discrete  inputs such as an i n i t i a l  beam (s tep)   o f fse t ,   the  

p i l o t ' s  response will d i f f e r  from t h a t  for continuous random inputs. He 

will tend t o  operate so t h a t   t h e  system  responds more rapidly  yet   with 

less  overshoot ( R e f .  1 0 )  than  the  describing  function would predict .   In 

the  l imit ,  a s k i l l e d   p i l o t  performing a practiced maneuver may approach 

a time optimal-  response,  consisting  of one well-timed and sized  elevator 

pulse  in  the  case of K / s  director/vehicle dynamics. When discrete  inputs 

are  not dominant, but   are  mixed with random inputs   in  a r e l a t ive ly  unpre- 

dictable way, then  the  describing  f'unction models are  appropriate. 

For director   control  of t ransport   a i rcraf t   in   landing approach, a 

primary  consideration  in  estimating  pilot  gain i s  the  frequency and 

damping of the  resulting  closed-loop modes. The p i l o t  w i l l  be sensi- 

t i v e   t o   t h e   p i t c h   a t t i t u d e  and a l t i t ude   r a t e  motions which r e s u l t  from 

e f f o r t s   t o  minimize beam error,  and the modal response  ratios w i l l  vary 

direct ly   with  pi lot   gain or cont ro l   e f for t .  

The system  of  Fig. C - 2  presents   re la t ively good vehicle  characterist ics.  

With lower short-period damping the  potential  crossover  frequency w i l l  have 

t o  be  reduced in   o rder   to   s tay  below  any  peak i n   t h e  amplitude r a t i o .  I n  

that   case more a t t i t u d e   r a t e  feedback w i l l  be necessary. I n  the  opposite 

sense i f  the phugoid had  had be t t e r  damping it would not  be  necessary t o  

use as much K.;l gain,  i .e.,  l / T 1  could  be  increased. These e f fec ts   a re  

r e f l ec t ed   i n   t he  modal response  ratios,  along  with  the  effect of varying 

pi lot   gain.  

Preferred  values for the  closed-loop modes can be   i l lus t ra ted   wi th   the  

l o c i  of modal response  ra t ios   plot ted  in   Fig.  C - 3  for  the DC-8 example. 

The l o c i  of  modal response  ratios  plotted  are:  

, pi tch   a t t i tude   to   pa th   angle ;   equa l   to   un i ty  

1, normal acceleration a t  t he   p i lo t   r e l a t ive  t o  
a t t i tude;   equal   to  0.1 g per  degree 

c-9 
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Excessive AC celerations 

-2.0 D - 1.0 I 

Figure C-3 .  Modal Response Ratio  Boundaries  for  the DC-8 &ample 

The chosen criterion  values  are  hypothetical  and serve only t o   i l l u s t r a t e  

the  analysis.  The p lo t t ed   l oc i  were obtained by evaluating  the  appropriate 

open-loop  numerator r a t i o s  a t  various  values" of s, and then  plot t ing  the 

frequency and damping associated  with a given  amplitude r a t i o   ( e  .g., 

1 el71 = 1 .O) . The resu l t ing   loc i  form boundaries  for  excessive  pitch 

a t t i t u d e  and  normal acceleration.  Superimposing  the example boundaries 

i n   F i g ,  C-3 onto  the  root  locus  portion of Fig. C - 2  indicates  the allow- 

able  gain  region for the  closed-loop modes. A crossover  frequency of 

0.6 rad/sec or l e s s  keeps the  path m o d e  accelerations due t o   a t t i t u d e  

"The values of s represent  possible  values  for  the daminant m o d e  which 
would r e s u l t  from pi lot   c losure of the  f l ight   di rector /vehicle   control  
loop in   Fig.  C-2. 
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changes less than O.lg/deg,  and the   a t t i t ude   t o   f l i gh t   pa th   ang le  change 

near  unity at short-period  frequencies.  In  other words, the  roots  on 

the complex locus  in  Fig.  C-2 l i e  within  the example "acceptable''  region 

in   F ig .  C-3. 

The loop  gain  associated  with a 0.6 rad/sec  crossover  frequency would 

be $( K g e  + K$f,) = 0.5. Using the  example gains  based on Ki, = -1 .O 

results i n  $ = 0.62. The closed-loop  character is t ic   equat ion  for   this  

gain i s  

( s  +0.639)(s  +0.034)[0.699; O.437][0.624; 1 .I911 

s(  s + 0.7)  
~ ~ ~~ = 

Another  view  of the  closed-loop  motion harmony f o r   t h i s  example can be 

obtained from the beam deviation and pitch  angle  responses  to beam  commands. 

These are given by* 

-0.013(~ + o . ~ ) ( s  + 0 . 0 4 2 ) ( ~ - 3 . 6 ) ( ~   + 4 . 4 )  
- ~~ - . .  

( s  +0.639)(s  +0.034)[0.699;  0.437][0.624; 1 .I911 

1 ,  
' !  

0 .071(~  + o . ~ ) ( s ) ( s  + O . I O I ) ( S  +0.646) 
- - ~~~ - - -__ - ~- ~ ~"~~ . .  

J deg/ft 
( s  +0.639)(s  +0.034)[0.699;  0.437][0.624; 1 . lg l ]  

The frequency  response  plots  for a 0.6 rad/sec  crossover  are  sham  in 

Fig. C-4. The  beam deviation  response i s  f l a t  out t o   t h e  dominant mode 

"These transfer  f 'unction forms assume tha t   t he  k; term is  obtained by 
a r a t e  of descent  feedback as opposed t o  an  ideal  forward loop beam 
different ia t ion.  
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Figure C - h .  Closed-Loop l t t i tucie  and Beam Deviation Response 
to Beam  Commands for Example Crossover 

and then rolls off sharply. The dominant response w i l l  be well damped. 

The attitude  response  peaks up near  the  path mode and  then rolls o f f  

sharp ly ,   ind ica t ing   l i t t l e   a t t i tude   overshoot   to  a beam  command. 
The mode shapes are i l l u s t r a t ed   i n   F ig .  C-3  by the  time responses t o  

a 10 f t  beqn deviation  offset." The m a x i m u m  pitch  angle  excursion i s  

7.0 

*This s tep i s  assumed t o  be imbedded i n  a background of random inputs 
so that  the  describing  function model i s  appropriate. 
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Flight  Path Angle 
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Attitude 

Figure C-5. Beam Deviation and Attitude Time Responses 
t o  a 10 Ft Beam  Command 

i s   j u s t   s l i g h t l y   g r e a t e r   t h a n   t h a t  of the  f l ight   path  angle .  The  beam devia- 

t i o n   r i s e  time i s  r e l a t ive ly  slow but t h i s  will be quickened  as  the  crossover 

frequency ir, Fig. C-2 i s  increased. The shape (overshoot,   etc.)  w i l l  be 
similar  throughout  the K/s region. 

; 

Modal response  ratios are useful  in  assessing  the  closed-loop system 

properties.  Table C-V summarizes the  more important  ratios  at  both  closed- 

loop modes for   the  0.6 rad/sec  crossover  example. The 8 / r  and az/e   ra t ios  

a t   t h e  closed-loop  phugoid  are  within  boundaries on Fig. C - 3 .  The  B/h 

r a t i o  can  be  used t o  express  the  attitude  overshoot  to a beam  command a t  a 

? 
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TA.BLE C-V 

MODAL RESPONSE  RATIOS FOR EXAMPLE P I L O T  CLOSURF: 

MODAL RESPONSE 
R A T I O  

CLOSED-LOOP PHrJGoID 
[0.70 ; 0.441 

- -~ ~ - - .  . ." . 

0.65 4 47O 

0.06 4 162' 

1 . 7 5  6 1 9 0  

CLOSED-LOOP  SHORT  PERIOD 
[0.62 ; 1.21 

. I - I - -. - - . . . . _. . . . . . ~ ~ .  - 

1 . I ?  4900 

0.32 4 225' 

0.45 4 - k O o  

0.09 6 200° 
, -~ . -. . . ..,, .. "_ 

given mode by  multiyplying  the B/h r a t i o  'by t h e  h/hc  response a t   t h e  

same mode yielding  the  @/he  response.   This   differs  from Fig. C - 4  i n  

t h a t  it includes  the damping r a t i o   e f f e c t .  The sma l l   r a t io  a t  
short   per iod  indicates   that   the   vehicle   holds   speed  wel l   and may not 

requi re   an   au to thro t t le .  A t  the   pa th  mode the  speed  changes w i l l  

p r e s e n t   l i t t l e  problem t o   t h e   p i l o t .  

I n  summary, these modal response  considerations  include  estimation 

of p i lo t   ga in  and closed-loop  system  properties  based, a t  l e a s t   p a r t i a l l y ,  

on what t h e   p i l o t  w i l l  consider t o  be  an  acceptable  repertoire  of  system 

responses.  This i s  somewhat d i f f e r e n t  from the   u sua l   s i t ua t ion   i n  which 

the  analyst  i s  a t tempt ing   to   es t imate   p i lo t   ga in  and  system s t a b i l i t y  

margins  largely on t h e  basis of predicted  path mode er ror .  
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APPENDIX D 

TYPICAL  DIRECTOR D I C A T O R  DIGPLAYB 

This appendix contains  photographic examples of modern f l igh t   d i rec tor  

indicators evolved by four  manufacturers; Bendix, Collins, Lear, and 

Sperry. They each contain  the same status  information  but somewhat 

d i f fe ren t   f l igh t   d i rec tor  command indications, warning flags,  and 

annunciator  lights. 
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Vertical Gyro 
Inoperable  Flag 

\ 
Attitude - Horizon 

Sphere 

Aircraft  Fixed 
Reference 

Glide  Slope  Deviation 
(Shown  Inoperable) 

Pitch  Reference 

Roll Attitude 
Index 

/ /- 
Go -Around  Light 

Flight  Steering 
Computer Inoperable Flag 

/ Speed  Command  Deviation 

‘Flight Director 
Command Bars 

*Command  Bar  Reference 

Inclinometer / \ Expanded  Localizer 
(Shown  Inoperable) 

Figure D - 1 .  Bendix FD-60 Horizon  and  Director  Indicator 



Minimum Decision 
Altitude  Light  Attituge Disp!ay Bank indicator 

/ 
Inclinometer 

Rate of Turn 
indicator 

Figure D-2. Col l ins  FD-109 Flight   Director   Indicator  
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Figure D-3. Lear Model 4058AC Two Axis Attitude  Director  Indicator 
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